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(54) TiUe: APPARATUS AND METHOD FOR ATMOSPHERIC PRESSURE 3UblMENSI0NAL ION TRAPPING 
(57) Abstract 



The present invention provides 
an apparatus for selectively transmit- 
ting Ions and trapping the ions within 
a defined 3-dimensional space at at- 
mospheric pressure. The invention 
is based on the ion focussing princi- 
ples of high field asymmetric wave- 
form ion mobility spectrometry in 
which an analyzer region is defined 
by a space between first and sec- 
ond spaced apart electrodes, the an- 
alyzer region having a gas inlet and 
a gas outlet for providing a flow of 
gas through the analyzer region. Ions 
which are introduced into the ana-, 
lyzer region are carried by a gas flow 
towards a gas outlet At least one of 
the electrodes has a curved surface 
tWTuinus located near the gas outlet 
and the gas flow is adjusted so that 
ions are trapped in a defined 3Hii- 
mensional space located near the tip 
of the terminus. Trapping of ions in 
a defined 3-dimensional space allows 
a more concentrated flow of desired 
ions. ' 
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Tifle; Apparatus and Method for Atmospheric Pressure 
3-Dimensional Ion Trapping 

V jmn OF TH K TNVENTION 

The present invention relates to an apparatus and method for 
hrapping ions, at atmospheric pressure, witiiin a defined 3-dimensional space, based 
on the ion focussing principles of high field asymmetric waveform ion mobility 
sjpectrometry. 

^AOCGROITKr) OF THE INVENTION 

High sensitivity and amenability to miniaturization for field-portable 
applications have helped to make ion mobility spectromefay an important technique 
for the detection of many compounds, including narcotics, explosives, and chemical 
warfare agents (see, for example, G. Eiceman and Z. Karpas, Ion Mobility 
Spectrontetry (CRC. Boca Raton, FL: 1994); and Plasma Chromatography, edited by 
T.W. Carr (Plenum, New York, 1984)), In ion mobility spectromebry/ gas-phase ion 
mobilities are determined using a drift tube with a coi\stant electric field. Ions are 
gated into the drift tube and are subsequently separated based upon differences in 
their drift velocity. The ion drift velocity is proportional to the electric field strength 
at low electric fields (e.g., 200 V/cm) and the mobility, K, which is determined from 
experimentation, is independent of the applied field. At high electric fields (e.g. 
5000 or lOOGO V/cm), the ion drift velocity may no longer be directly proportional to 
the applied field, and K becomes dependent upon the applied electric field (see G. . 
Eiceman and Z. Karpas, Ion Mobility Spectrometry (CRC. Boca Raton, FL. 1994); and 
E.A. Mason and E.W. McDaniel, Transport Properties of Ions in Gases (Wiley, New 
York, 1988)). At high elechic fields, K is better represented by K^, a non-constant 
high field mobility term. The dependence of Kj^ on the appUed electric field has been 
the basis for the development of high field asymmetric waveform ion mobility 
spectrometry (FAIMS), a term used by ti\e mventors throughout this disclosure, arid 
also referred to as transverse field compmsation ion mobility spectrometry, or field 
ion spectrometry (see L Buryakov, E. Krylov, E. Nazarov, and U. Rasulev, Int. J- 
Mass Spectrom. Ion Proc. 128. 143 (1993); D. Riegner, C. Harden, B. Camahan, and 
S. Day, Proceedings of the 45th ASMS Conference on Mass Spectrometry and Allied 
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Topics, Palm Springs, California, 1-5 June 1997, p. 473; B. Camahan, S. Day, V. 
Kouznetsoy, M. Matyjaszczyk, and A, Tarassov, Proceedings of the 41st ISA 
Analysis Division S)anposium, Framingham, MA, 21-24 April 1996, p. 85; and B. 
Camahan and A. Tarassov, U.S. Patent Number 5,420,424). Ions are separated in 
5 FAIMS on the basis of the difference in the mobility of an ion at high field K^^ relative 
to its mobility at low field K. That is, the ions are separated because of the 
compound dependent behaviour of as a function of the electric field. This offers 
a new tool for atmospheric pressture gas-phase ion studies since it is the change in ion 
mobility and not the absolute ion mobility that is being monitored. 

10 One application of tiiis tool as realized by the present inventoris is in 

the area of ion trapping. To the inventors' knowledge, there are no previously known 
devices or metiiods that produce any sort of a 3-dimensiona3 ion trap at atmospheric 
pressure (about 760 torr). While other 3-dimensional ion trapping mechanisixis do 
exist, these known ion traps are typically designed to operate below 1 torr, in near- 

15 vacuum conditions. The efficiency of these ion traps degrades extremely rapidly as . 
the pressure increases beyond 10 torr, and Aere is no experimerital or theoretical 
basis to suggest that any trapping occiurs, using these known mettiods, at 760 torr. 

SUMMARY OF THE INYENTION 

In one aspect, the present invention provides an apparatus for 
20 selectively transmitting ions and trappiiig said ions within a defined 3-dimensional 
space, comprising; 

a) at least one ionization source for producing ions; 

b) a high field asymmetric waveform ion mobility spectrometer, 
comprising an analyzer region defined by a space between at least 

25 first and second spaced apart electrodes iot coxinection, in use, to an 

electrical controller capable of supplying an as^nmetric waveform 
voltage and a direct-current compensation voltage for selectively 
transmitting a sdected ion type in said analyzer region between seiid 
electrodes at a given combination of asymxnetric waveform voltage 

30 and compensation voltage, said analyzer region having a gas inlet and 

a gas outlet for providing, in use, a flow of gas through said analyzer 
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legioiv said analyzer region furtfier having an ion in^ 

a flow of ions produced by said ionization source into said analyzer 

region;and 

c) . a curved surface termintis provided on at least one of said electrodes, 
5 said terminus being a part of said one of said electrodes which part is 

closest to said gas outlet, said defined 3-dimensiohal space being 
located near said terminus, whereby, in use, said asymmetric 
- waveform voltage, compensation voltage and gas flow are adjustable, 
so as to trap said transmitted ions within said 3-dimensional space. 

10 Said first and second electrodes may comprise curved electrode 

bodies to provide a nons:onstant electric field therebetween, whereby, in use, said 
ions are selectively focussed in a focussing region created between said curved 
electrode bodies in said analyzer region. 

In another embodiment, said first and second electrodes comprise 

15 outer and inner generally cylindrical cpaxially aligned electrode bodies defining a 
generally annular space therebetween, said annular space forming said analyzer 
region, and said terminus being provided at an end of said inner cylindrical electrode 
body. 

In another aspect, the present invention provides a method for 
20 selectively transmitting and trapping ions wiflun a defined 3-dimensional space, said 
method comprising the steps of: 

a) providing at least one ionization source for producing ions; 

b) providing an analyzer region defined by a space between at least first 
and second spaced apart electrodes, said analyzer region being in 

25 conuaiunication with a gas inlet, a gas outlet and an ion inlet said ions 

produced by said ionization source being introduced into said 
analyzer region at said ion inlet; 

c) providing an asymmetric waveform voltage and a direct-current 
compensation voltage, to at least one of said electrodes; 

30 d) adjusting said asymmetric waveform voltage and said compensation 

voltage to selectively transmit a type of ion within said analyzer 
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region; 

e) providing a curved surfece terminus on at least one of said electrodes, 
said defined 3-dimensional space being located near said teiminus; 
and 

5 f) providing a gas flow within said analyzer region flowing from said gas 

inlet to said gas outlet and adjusting said gas flow to trap said 
transmitted ions within and near said defined 3-dimensional space, 
said gas outlet being located near said terminus. 

Advantageously, said analyzer region is operable substantially at 
10 atmospheric pressure and substantially at room temperature. 

The metiiod nnay further comprise the step of providing an ion outlet 
and, supplying an extraction voltage at said ion outlet for extracting said trapped 
ioi\s, said ion outlet being substantially aligned with said terminus and said defined 
3-dimensional space. 

15 In yet another aspect, the present invention provides an apparatus for 

selectively focussing ions and trapping said ions within a defined 3-dimensional 
. space, comprising: 

a) at least one ionization source for producing ions; 

b) a segmented high field asymmetric waveform ion mobility 
20 spectrometer, comprising an analyzer region defined by spaces 

between a plurality of corresponding pairs of first and second spaced 
apart electrodes, for connection, in use, to an electrical controller 
capable of suppl)dng an asymmetric waveform voltage, a direct 
current coinpenisation voltage and a direct current segment offset 

25 voltage, each of said pliurality of corresponding pairs of first and 

second spaced apart electrodes forming a segment and said segments 
being aligned in a row immediately adjacent to and electrically 
isolated from each other, said analyzer region having an ion inlet for 
introducing a flaw of ions produced by said ionization soiurce into 

30 said analyzer region. 

In yet another aspect, the present invention provides a method of 
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selectively fc)cussing ions and trapping said ions within a defined 3-dimensional 
space, comprising the steps of: 

a) providing at least one ionization source for producing ions; 

b) providing an analyzer region defined by spaces between a plurality of 
5 corresponding pairs of first and second spaced apart electrodes and 

providing a non-constant electric field between said first and second 
electrodes, each of said plurality of corresponding pairs of first and 
second spaced apart electrodes forming a segment and said segments 
being aligned in a row immediately adjacent to and electrically 
10 isolated from each other, said analyzer region being in commimication 

with an ion inlet, and introducing said ions produced by said 
ionization source into said analyzer region at said ion inlet; 

c) siq>plying an asymmetric waveform voltage to one of said first and 
second spaced lapart electrodes in each of said segments; 

15 d) supplying a direct currait compensation voltage to said one of said 

first and second spaced apart electrodes in each of said segments, 
said direct current compensation voltages supplied to each of said 
segments being independently adjustable; 

e) supplying a direct current segment of fset voltage to another of said 
20 first and second spaced apart electrodes in each of said segments, 

said direct current segment offset voltages supplied to each of said 
segments being independently adjustable; and 

f) adjusting said direct current compensation voltages and said direct 
current segment offset voltages substantially equally, thereby 

25 . providing a constant direct current potential across each 

corresponding pair of first and second electrodes in each of said 
segments, so as to focus desired ions between each corresponding pair 
of first and second electrodes in each of said segments at a given 
combination of said asymmetric voltage, direct current compensation 

30 voltage, and direct current segment offset voltage. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For a better imderstanding of the present invention, and by way of 
example, reference will now be made to the accompanying drawings, which show 
preferred enibodiments of the present inveiition in which: 

Figure 1 shows three possible examples of changes in ion mobility as a 
function of the strength of an electric field; 

Figure 2 illustrates the trajectory of an ion between two parallel plate 
electrodes imder the influence of tiie electrical potential V(t); 

Figures 3A and 3B show schematically an embodiment of a modified 

FAIMSdevice; 

Figure 4 illustrates two opposite waveform modes which may be used 
with the apparatus of Figures 3A and 3B; 

Figures 5A and 5B show schematically the coupling of the FAIMS 
apparatus of Figures 3A and 3B together with a mass spectrometer; 

Figures 6A and 6B shows schematically a FAIMS apparatus for 
measuring the ion distribution in the analyzer region; 

Figures 7 illustrates the high voltage, high frequency asymmetric 
waveform applied to the FAIMS apparatus shown in Figures 6A and 6B; 

Figure 8 illustrates varying ion arrival time profiles at the innermost 
ion collector electrode of the FAIMS apparatus in Figures 6A and 6B; 

Figures 9A and 9B show schematically a first embodiment of a 3- 
dimensional atmospheric pressure high field asymmetrical waveform ion trap, 
referred to as the FAIMS-R2-protptype; 

Figures lOA through 101 show the experimental results for extraction 
of ions trapped using the FAIMS apparatus of Figures 9A arid 9B, witit voltages 
rangiiig from +1 V to +30 V; . 

Figures IIA-IIC show a second embodiment of a 3Hiimensic>nai 
atmoispheric pressure high .field as)anmetrical waveform ion trap, referred to as the 
FAiMS-R3-prototype;. 

Figure IID shows a timing diagram for a voltage applied to the 
FAIMS apparatus of Figures IIA-IIC; 

Figure 12 shows an alternative embodiment of the FAIMS apparatus 
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of Kgures llA-llC, having a siix^Iified dectrospray ionization chamber, and using 
the sampler cone as an extraction grid; 

. Figure 13A is a schematic view of a system compii^ 
similar to the FAIMS apparatus disclosed in Figure 12, and a time-of-flight (TOP) 
5 mass spectrometer; 

Figure 13B shows a timing diagram for control of the FAIMS 
apparatus and the TOF mass spectrometer of Hgure 13A; 

Figtire 13C iUustrates a TOF mass spectrum acquired using title system 
shown in Hgtire 13A; 

10 " Figure 13D illustrates a compensation voltage spectrum of an ion with 

a TOF flight time of 27.0 Jis; 

Figure 13E shows graphically the results of an experiment designed to 
determine the overaU reqpoiise time of the system shown in Figure 13A; 

Figures 13F and 13G illustrate experimental verification of the 3- 
15 dimensional ion trap using the system of Figure 13A; 

Figures 13H, 131 and 13J, show the intensity of the TOiF peak for 
variable ion trapping periods from Tms to 60 ms, at three compensation volta^^^ 

Figures 14A-14C show schematically an alternative. embodiment of a 
3-dimensional atmospheric pressure high field as)^mmetric waveform ion trap; 
20 Figure 15 shows the relevant dimensions of a FAIMS apparatus 

required for calculation of the voltage wittiin the FAlMS analyzer region; 

Figure 16 shows the change in die K^/K ratio for (HjO)^!!* as a 
function of electric field E; 

Figure 17 provides a portion of the original data that was used to 
25 calculate the high fidd mobiUtyKh of (H20)nH*; 

Figures 18A-18D show the trajectory of an ion with the high electric 
field properties shown by tfie curves in Figure 16; 

Figures 19A-19D illustrate ion trajectory calculations near the 
terminus of an inner electrode, calctdated using the FAIMS apparatus and method 
30 described in Hgures 11 A-llD; 

iBgures 19E-19I illustrate the results of ion trajectory calculations near 
the terminus of an inner electrode, using various sampler cone voltages in theFAIMS 



apparatus shown in Figure 13A; 

Hgure 20 shows an example of an unusual shape of a PAIMS device 
designed to establish conditions for ion trapping or focussing; . 

Figure 21 is a graph plotting the optimum combinations of GV and DV 
for.(H20)nH+, based on data coUected by a series of CV scans as shown in Figure 17; 

Figure 22A illustrates the electric field due to DV radially across ttie 
FAIMS analyzer region for a given FAIMS apparatus; 

Figure 22B is a graph showing the electric fields due to DV and CV 
plotted against each other at several radial locations in the FAIMS analyzer region; 

Figure 22C is a graph shovmig tiie intersection of the actual conditions 
and optimum conditions for DV and CV; 

Figure 23 shows a segmented FAIMS apparatus for transporting ions 
along ttte FAIMS analyzer region; iand . 

Figure 24 shows a schematic of a segmented. PAIMS apparatus for 
trapping ions withiri the FAIMS analyzer region. 

DETAILED DESCRIPTION OF THE ITsfVENTION . 

As an important preliminary note, the discussion bdow uses the term 
"ion" to mean a charged atomic or molecular entity. The *ion'- can. be any 
electrically charged particle, solid or liquid, of any size. The discussion always refers 
to the "ion" as positively charged. However, all of the discussion in this document is 
equdly applicable to negative ions, but with the polarity of applied voltages being 
reversed. 

The principles of operation of FAIMS have been described in 
Buiyakov et. al (see I. Buryakov, E. Krylov, E. Nazarov, and U. Rasulev, Int. J. Mass 
25 Si>ectrom. Ion Free 128. 143 (1993)) and are summarized here briefly. The mobiUty 
of agiven ion under tiie influence of an debtric field can be expr^sed by: K^CB) = 
K(l+f(E)), where is tiie mpbflity of an ion at high fidd, IC^ 
mobility at low dectric fidd and ''f(B)" describes the functional dqpendence of the 
ion mobility on the dectric fidd (see EA. Mason and B.W- McDanid, Transport 
30 Properties of Ions in Gases . (Wiley, New York, 1988); and L Buryakov, B. Krylov, E. 
Nazarov, and U. Rasulev, Int. J. Mass Spedrom. Ion Prbc. 128. 143 (1993)). 
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Iteferang to Hguie i, three exaiiqples of 
ftmttion of fl« strength of an dectricMd are shown: fte moinHty of type A ions 
increases with increasing electric field strength; the mobiHty of type C ions 
decreases; and *e moWUty of type B iOM ino^^ 

5 higher fields. The separation of ion* in FAIMS is based upon these changes in 
mobility at hi^ electric fields. Consida an ion 1, for exan^le a type A ion Shown in 
Figure 1, that is being carried by a gas stream 6 between two spaced apart paralld 
plate electrodes 2, 4 as shown in Figure 2. The spa<» between fltt plates 2, 4 defines 
an analyzer region 5 in which &e separation of ior« may take place. The net motion 

10 of the ion 1 between the plates 2, 4 is the sum of a horizontal x-axis component due 
to a flowing stream of gas 6 and a transveree y-axis component due to the electric 
field between the plates 2, 4. (The term "net" motion refers to the overall trai\slation 
tiiat the ion 1 experiences, even when ttiis translational motion has a more rapid 
oscUlation superimposed upon it.) One of the plates is maintained at ground 

15 potential (here, the lower plate 4) while the other (here, the upper plate 2) has an 
asymmetric waveform, V(t), appUed to it. The asymmetric waveform V(t) is 
composed of a high voltage component, Vj, lasting for a short period of time tj and a 
lower voltage component, Vj, of (^posate polarity, lasting a longer period of time tj. 
The waveform is synthesized such that tiie integrated voltage-time product (flius the 

20 field-time product) appUed to ttie plate during a complete cyde of tiite waveform is 
zero ( i.e:, tj + V2 tj = 0 ); for example +2000 V for 10 fis followed by -1000 V for 
20fjis. Figure 2 illtistrates the ion trajectory 8 (as a dashed line) for a portion of tiie 
waveform shown as V(t). The peak voltage during flie shorter, high voltage portion 
of the waveform will be called the "dispersibn voltage" or DV in ttus disdosure. 

25 During the high voltage portion of the waveform, tiie dectric fidd will cause ttw ion 1 
to move with a transverse velodty component Vj ^K^Ewgh, where Emgh is the 
appUed field, and is the high fidd mobiUty under ambient dedric fidd, pressure 
and temperature conditions. The distance travelled wiU be dv = Vjtj = KhE^^tz, 
where tj is the time period of the applied high voltage. During the longer duration, 

30 opp<»ite polarity, low voltage portion of the waveform, tiie velodty component of 
the ion will be Vj = KE,o»„ where K is tiie low field ion mobility under ambient 
pressure and teinperature conditions. The distance travelled is dj = Yiiy = KE,ov,tj. 
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Since the asymmetric wAvefonn enstures that (Vi t2) + (V2 t^) = 0, the field-time 
. products Ehigh^ and Eio^ti are eqiial in magnitude. Thus, if and K are identical, 
dj and dz are equal; and the ion 1 will be returned to its original position along the 
y-axis during the negative cycle of the waveform (as would be expected if both 
5 portions of the waveform were low voltage). If at ttie mobility > K, the ion 1 
will experience a net displaceinent from its original position relative to the y-axis. 
For example, positive ions of the type A shown in Figure 1 will travel furtiier during 
the positive portion of the waveform (Ley d, > d j) arid the type A ion 1 will migrate 
away from the upper plate 2 (as illustrated by the dashed line 8 in Figure 2). 

10 Similarly, ions of type C win nugratetowMck the upper pi^^^ 

If an ion of tj^e A is migrating away from the upper plate 2, a 
constant negative dc voltage can be applied to this plate 2 to reverse, or 
"compensate'' for this transverse drift. This dc voltage, called the "compensation 
voltage" or CV in this disclosure, prevents the ion 1 frommigrating towards either 

15 plate 2, 4. If ions derived from two compounds respond differently to the applied 
high electric fields, the ratio of to K may be different for each compound. 
Consequently, the magnitude of the compensation voltage CV necessary to prevent 
the drift of the ion toward either plate 2, 4 may also bf different for each compoimd. 
Under conditions in which the compensation voltage CV is appropriate for 

20 transmission of one compoxmd, the other will drift towards one of the plates 2, 4 

and subsequently be lost The speed at which the compound will move to the wall of 

the plates 2, 4 depends on the degree to which its high field mobility properties diff et 

from a\ose of the compound that will be allbwed to pass under the. selected 

condition. A FAIMS instrument or apparatus is an ion filter capable of selective 

25 transmission of only tiiose ions witfi the appropriate ratio of to K. 

The term FAIMS, as used in this disdpsure, refers to any device wWch 

can separate ions via the above described mechanism, whettier or not Ae deyice has 
focussing or trapping behaviour. 

, Improvements to FAIMS 
30 The FAIMS concept was first shown by Buryakov efc al, using flat 

plates as described above. Later, Camahan et. al improved the sensor design by 
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replacing ttie flat plates ttsed to separate the ions with concentric cylinders (see B. 
Camahan^ S Day, V. Kou±netsov, M Matyjaszczyk, and A. Taraissov, Proceedings 
of the 41st ISA Analysis Division Symposium, Framingham, MA, 21-24 April 1996, 
p, 85; U.S. Patent No. 5,420,424 issued to Camahan et al*). The concentric cylinder 
5 design has several advantages including higher sensitivity than the flat plate 
configuration (see RW. Purves, R Guevremont, S. Day, C.W. Pipich, and M.S. 
Matyjaszczyk, Rev. Sd. Instrum., 69, 4094 (1998)). 

As mentioned earlier, an instrument based on the FAIMS concept has 
been btult by Mine Safety Appliances Company (MSA). The MSA instrument uses 

10 the concentric cylinder design and is described further below. (For the purposes of 
this disclosure, the MSA instrument is referred to as FAJMS-E, where E refers to an 
electrometer or electric current detection device.) 

One previous liniitation of the cylindrical FAIMS technology (see D. 
Riegner, C. Harden, B. Camahan, and S. Day, Proceedings of the 45th ASMS 

15 Conference on Mass Spectrometry and Allied Topics, Palm Springs, California, 1-5 
Jime 1997, p. 473; and B. Camahan, S. Day, V. Kouznetsov, M. Matyjaszc2yk, and 
A. Tarassov, Proceedings of the 41st ISA Analysis Division Symposium, 
Framingham, MA, 21-24 April 1996, p. 85) was that the identity of the peaks 
appearing in the FAIMS-E CV spectra could not be unambiguously confirmed due to 

20 the unpredictable changesinK|^ at high electric fields. 

Thus, one way to extend the capability of instruments based on tite 
FAIMS concept, such as the FAIMS-E instrument, is to provide a way to determine 
the make-up of the FAIMS-E GV spectra more accurately, for example, by 
introducing ions from the FAIMS-E device into a mass spectrometer for mass-to- 

25 charge (m/z) analysis. 

Electrospray lonizatim 

ESI is one of several related techniques that involves the transfer of 
ions (which can be either positively or negatively charged) from liquid phase into the 
gas-phase. Kebarle has described four major processes that c>ccur in electrospray 
30 ionization {intended for use in mass spectrometry): (1) production of charged 
droplets, (2) shrinkage of charged droplets by evaporation, (3) droplet disintegration 



WO00/0M57 PCTyCA99/00718 

(fission), and (4) formation of gas-phase ions (Kebarle, P. and Tang, L. Analytical 
Chemistry, 65 (1993) pp. 972A-986A). In ESI/a liquid solution (e.g. 50/50 w/w 
water/methanol) is passed through a metal capillary (e.g., 200 (un outer diameter 
and 100 p-m ID) which is maintained at a high voltage to generate the charged 
5 droplets, say +2000 V (50 nA) for example. The liquid samples can be pumped 
through at, say, lp.L/min. The high voltage creates a very strong, non-constant 
electric field at the exit end of the capillary, which nebulizes the liquid exiting from 
the capillary into small charged droplets and electriicaliy charged ions by mechanisms 
described by Kebarle and many others. Several related methods also exist for 
10 creating gas-phase ions from solution phase. Some examples of these metihods 
include ionspray, which uses mechanical energy from a high velocity* gas to assist in 
nebulization; theimospray, which applies heat instead of a voltage to the capillary; 
and nanospray, which uses small ID capillaries. In this disclosure, the term ESI is 
used to encompass any technique that creates gas-phase ions from solution. 
15 . 

Modified FAIMS-E 

As a first step, the FAIMS-E device designed and built by Mine Safety 
Appliances Company was modified to permit the introduction of ions using fiSI. 
The inventors believe that the coupling of an ESI source together with a FAIMS-E 
20 device is not obvious as it is known that ions produced by ESI have a high degree of 
solvation, and that a FAIMS-E device may not function properly when exposed to 
high levels of solvent vapour. The inventors have developed various practical 
embodiments of an apparatus that combines ah ESI source together with a FAIMS 
device to show that such coupling is possible. 
25 One example is the modified FAIMS-E devici? 10 shown sdienmtic£^ 

in 3-dimensional yiew in Hgure 3A and in cross section in Figure SB. The FAIMS-E 
apparatiis 10 is composed of two short iim^ cylinders or tubes 11/ 12 which are 
axially aBgnied and positioned about 5 mm apart, and a long outer cylinder 13 whidi 
surrounds the two iimer cylinders 11, 12. The itmer cylinders 11, 12 (12 mm inner 
30 . diameter, 14 mm outer diameter), are about 30 mm and 90 mm long, respectively;: 
while the outer cylinder 13 (18 mm inner diameter, 20 mm outer, diameter) is about 
125 mm long. Ion separation takes place in the 2 min aimular space of FAIMS 
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anialyzer region 14 between the Ibng innet cylinder 12 T6 
. product ions using electroq>ray ionization (ESI)/ for introduction into the FAIMS 
analyzer regionl4 of tfie FAIMS device, fiie metal capillary of the ESI needle 15 was 
placed along the central axis of the shorter inner cylinder 11, temiinating about 5 mm 
5 diort of flie gap or ion inlet between the two inner cylinders 11, 12. The positioning 
of tfie ESI needle 15 shown in Hgures 3(A) and 3(B) differs from the positioning of 
the ionization source foimd in tiie MSA FAIMS-E device in fliat the ESI needle 15 
does not extend through tf\e long inner cylinder 12 to which the asymmetric 
waveform V(t) is typically applied. By introducing the ESI needle 15 from the 

10 opposite end of the FAIMS-E, i.e. through the short inner cylinder 11, and not 
positioning the tip of the ESI needle 15 too dose to the long inner cylinder 12, the 
performance of the ESI needle 15 is not compromised by ti\e asymmetric waveform 
V(t), which would be the case if the ESI needle 15 was positioned within the long 
inner cylinder 12 (as disclosed in U.S, Patent No. 5,420,424). 

15 As explained above, the FAIMS-E device 10 can be considered as an 

ion "filter", with the capability of selectively transmitting one type of ion out of a 
mixture. If a mixture of ions is presented continuously to tiie entrance of the FAIMS 
analyzer region 14, for example by an ESI needle 15, and the ions are carried along 
ttie length of ttie analyzer 14 by a flowing gas under conditions in which no voltages 

20 are applied to either tiie inner cylinder 12 or outer cylinder 13 (i-e. the electrodes are 
grounded), some finite level of transmission for every ion is e)^cted, albeit v^rithout 
any separation. 

It might be expected that the detected current of any selected ion in 
this mixture should never exceed the currient for that ion when it is tiransmitted. 

25 through the device 10 in the no-voltages condition. It might also be expected that 
application of high voltages (Le. application of transverse fields, perpendicular to 
the gas flows) designed to yield ion separation should not increase the ion 
transmission, but should decrease transmission tiirough collisions with the walls of 
the cylinders 12, 13. That is, the asjonmetric waveform might effectively narrow the 

30 "width" of the FAIMS analyzer region 14, and therefore should decrease the ion 
transmission. However, contrary to this prediction, experiments conducted by the 
inventors and described in this disclosure have shown that the sensitivity of ion 
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detection in the qrlindrical geometry FAIMS-E 10 increases as the voltage amplitude 
of the asjonmetric waveform V(t) is increased. As will be explained below, these 
unusual observations suggest that atmospheric pressure ion focussing is occuxiing in 
ttie FAIMS analyzer region 14. 
5 Still referring to Figures 3A and 3B, four gas coimections to the 

FAIMS-E apparatus 10 are shown. Compressed gas (e.g. air or nitrogen) is passed 
through a charcoal/molecular sieve gas purification cylinder (not shown) into the 
FAIMS-E 10 through carrier in (CjJ and/or sample in (S| J ports. The gas exits the 
FAIMS-E 10 via the carrier out {C^t) and/or sample out (S^^^) ports! All four gas 

10 flow rates can be adjusted. Non-volatile analytes are typically introduced into the 
FAIMS-E 10 using an ESI needle 15. Alternatively, volatile analytes may be 
introduced into the FAIMS-E 10 through the S^^^ line, and a portion may be ionized as 
the compoimd(s) pass by a corona discharge needle. 

Still referring to Figures 3 A and 3B, the outer cylinder 13 of the 

15 FAIMS-E apparatus 10, and the shorter inner cylinder 11, are typically held at an 
adjustable electrical potential (Vp^j^s)- ^faims usually ground potentiial in 
FAIMS-E. During operation, a high frequency high voltage asymmetric waveform is 
applied to the long inner cylinder 12 to establish the electric fields between the inner 
and outer cylinders 12, 13. In addition to this high frequency (e.g., 210 kHz) high 

20 voltage waveforrn a dc offset voltage (i.e. the compensation voltage CV added to 
FAIMS) is applied to the long iimer cylinder 12. This leads to the separation of ions 
in the FAIMS analyzer region 14 in the manner disciissed earlier. . 

StiU refening to Figiues 3A and 3B, some of tfie ions produced 
ionization source are carried by the gas stream along the length of the annular space . 

25 between the outer cylinder 13 and the. long inner cylinder 12, also referred to as tiie . 
FAIMS analyzer region 14. If the combinatipn of DV and CV are appropriate, and 
the ion is not lost to the tube walls, a series of openings or ion outlets 16 near the 
downstream end of the outer cylinder 13 allow the ions to be extracted to an 
electrical current detector 17 which is biased to about -1(30 V. (Note that here the 

30 carrier gas also exits from the ion outlet 16.) 

In practice, the simplified square wave version of V(t) shown in 
^ Figiure 2 cannot be used because of the electrical power demands that such a wave 
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wotild place on tfie waveform generator. The actual wavefonns V(t) appear in Figtire 
4. These waveforms are produced by the electronic addition of a sine wave and its 
harmonic of twice the frequency. As shown in Figure 4, the FAIMS-E apparatus 10 
operates using one of the two waveform modes (with the waveform applied to the 
5 inner cylinder). These reversed polarity waveform modes do not yield ''reversed 
polarity" CV spectra as might be expected. This is because tfie reversal of polarity 
in this manner also creates a mirror image effect of the ion focussing behaviour of 
FAIMS, The result of such polarity reversal is that the ions are not focussed, but 
rafter collide witti the walls of ttie cylinders 12, 13. The mirror image of a focussiiig 
10 valley is a hill-shaped potential surface. (This characteristic/ and tiie various 
"modes" of operation of FAIMS, is discussed further below.) 

FAIMS-MS 

As discussed earlier, one way to extend tiie functionality of FAIMS 
devices is to couple them together with a mass spectrometer. The use of a mass 
15 spectrometer together with a FAIMS device is advantageous because the mass 
spectrometer facilitates a mass-to-charge (m/z) analysis to determine the make-up 
of CV spectra more accurately. One possible FAIMS-MS embodiment is described 
here. 

Referring to Figures 5A and 5B, the coupling of FAIMS and a mass 
20 spectrometer (FAXMS-MS 20) is shown schematically. The FAIMS-MS 20 of Figures 
5 A and 5B, and the FAIMS-E 10 shown in Figures 3A and 3B, differ significantly 
only at the detection end of the instnmient In accordance with the invention, the 
electrometer 17 has been replaced by a sampler cone 18, placed at the end of the 
FAIMS cylinders 12, 13 as is shown in a simplified form in Figure 5B. The diameter 
25 of the orifice 19 in the sampler cone 18 is approximately 250 fuii. The gas flows in 
the FAIMS-MS 20 are analogous to those in the FAIMS-E 10 except tfiarfe^ 
divided into twp components, namely the original C^^^ and the flow through the 
orifice 19 into the mass spectrometer. Ilie electrical Waveforms applied to the long 
inner cylinder 12 are identical to those used in the FAJNG-B apparatus 10. The 
30 sampler cone 18 may be electrically insulated from the other components so a 
separate voltage OR can be applied to it. Fmrthermore,. a voltage can be applied to 
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the cylinders of the entire FAIMS unit (V p^iMs) *e purpose of enhancing tiie 
sensitivity of flie FAIMS-\^^^ 

Figure SB shows the FAIMS cylinders 12, 13 at a 45 degree angle in 
relation to the sampler cone 18 of the mass spectrometer. Figure 5A showed the 
5 FAIMS cylinders 12, 13 at a 90 degree angle in relation to the sampler cone 18. The 
way (i.e., tiie angle between the two tubes of the FAIMS and the sampler cone 18) in 
which the ions are extracted from the cylinders 12, 13 of the FAJMS-MS 20 into the 
mass spectrometer is not limited to these angles. Furthermore, the location in which 
the ions are extracted from the two tubes can also be changed. That is, the ions can 
10 be extracted anywhere along the separation region of the FAIMS. 

lonFocussing/FAIMS-Rl'^prqtotype 

Referring now to Figures 6 A and 6B, to deirionstrate the focussing 
effect referred to above, a special FAIMS instnunent was designed by &e inventors . 
jpid constructed to measure the ion distribution between ttie two cylinders (outer and 

15 inner cylinders) of a FAIMS device. This instrument will be referred to in this 
disclosure as the FAIM&'Rl-prototjrpe 30 and is illustrated schematically in Figures 
6A and 6B. Ions were generated inside of an electrically groimded cylinder 31 
approximately 35 mm long and 20 mm i.d-. The tip of an ionization needle 15 was 
typically located near the center of this tube, and at least 15 mm from the end of the 

20 FAIMS analyzer region 34. The FAIMS analyzer region 34 in this embodiment is 
composed of an outer tube 32 which is 70 mm long and 6 mm i.d., and which 
surrounds a 2 mm o.d. inner shield electrode 33. The inner shield electrode 33 is an 
electrically grounded stainless steel tube whidi is closed at the end that faces the 
ionization needle 15. This inner electrode 33 surrounds, and shields, an electrically 

25 isolated conductor 35 passing into its c^ten This innermost conductor 35 (Le the 
ion collector electrode) is a collector for ions, and is. connected to a fast current 
amplifier or electrometer 36 (e.g. Keithly model 428) and a digital storage 
. oscilloscope 37 (e.g. LeCroy model 9450). 

. In the system shown in Kgures 6 A and 6B, the ions wMch siiiroimd 

30 the inner electrode 33 are forced inwards by a pulsed voltage. These ions travel from 
the FAIMS analyzer region 34 to the innermost conductor 35 through a series of 50 
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pm holes 38 drilled through ihe iitmer shield electrode 33. The holes drilled in tfie 
iimer shidd electrode 33 are positioned about 2 cm from the end facing the ionization 

needle 15, ^d are spaced about 05 mm apart for a distance of 10 inm on one side 
of flie inner ^eld electrode 33. The holes 38 driUed iii the inner Shield electrode 33 
5 are located in tiiis manner to mizuiziize the variability in distance between the inner 
shield electrode 33 and the outer cyiindi^ 32 in ttie yidnity of these holes 38. It was 
the inventors' objective to measure the ioii abundance radial profiles of the ions 
located in the annular space (i.e. the FAIMS analjrzer region 34) between the inner 
shield electrode 33 and the outer electrode 32 by pulsing the ions toward the inner 

10 shield electrode 33 and through the holes 38 and against the innermost ion collector 
electrode 35. The time-dependent distribution of ions arriving at the innermost 
conductor 35 is related to the physical radial distribution of ions around the inner 
electrode 33. Excessive variation in the distance between the two cylinders 32, 33 
would have increased ttie imcertainty of the ion arrival times at the innermost 

15 conductor 35, thus decreasihg tiie spatial resolution of the measur^ents made with 
this device. 

Now refaring to Kgure 7, the high voltage, Hgjt frequency ^ 
waveform V(t), applied to the FAIMS-Rl-prototype of Figures 6A and 6B, is shpvra. 
The waveform is divided into, two parts^ the focussing period and the extraction 

20 period. The waveform was synthesized by an arbitrary waveform generator (e.g. 
Stanford Research Systems model DS340^ not shown) and amplified by a pulse 
genaator (e.g. Directed Energy Inc, modd GRX-3.0K-Ii , not shown). The frequency 
of the waveform, and the relative duration of the high and low voltage portions of 
the wavieform could easHy be modified. Becatise of the high voltages, and steep 

25 rise-times of the square waves applied to fiiis FADvB-Rl-prototype 30, the power 
consumption limits were severe, and waveforms in excess of about 1330 pulses (16 
n\s at 83,000 Hz) could not be delivered by this system without overheating 
electronic con^onents of the hig^ voltage pulse generator. 

Note that, in the case of the FAlMS-Rl-prototyp>e 30, the high voltage, 

.30 high frequency asymmetric waveform was applied to the outer cylinder 32 of the 
FAIMS-Rl-prototype 30 shown in Figures 6A and 6B. Since all other forms of 
FAIMS discussed in this disclosure have the wavefonn applied to the inner tube or 
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dectrode, confusion may arise firom the ^polarity* of the wavefonn and the polarity 
of CV. In the FAIMS-Rl-prototype 30 shown in Figures 6A and 6B, ions of type A 
(shown in Figtire 1) are focussed diuing application of the opposite polarity 
waveform and CY tiian that shown for the devices in Figures 3A, 3B; 5A and 5B. 
5 Nevertheless, for simplification, the polarity will be written to be the same as if the 
device was constructed in the same way as those of the more conventional 
configuration. In other words the ions transmitted diiring application of waveform 
#1 will appear with DV positive arid witti CV negative. (Please note, however, tihat 
the actual voltages used on the device in Rgures 6A and 6B are PV negativ 

10 positive). 

As was observed in the conventional parallel plate FAIMS apparatus 
described earlier (Figure 2), ttie application of a high voltage asymmetric waveform 
V(t) will cause ions to migrate towards one of the FAIMS electrodes 2, 4 because of 
the changes in ion mobility at high electric fields (shown in Figures 1 and 2). This 

15 migration can be stopped by applying an electric field or compensation voltage CV in. 
a direction to oppose the migration. For the FAIMS-Rl-prototype 30 of Figiures 6A 
and 6B, this CV was applied to the same electrode as the high voltage asymmetaic 
waveform (i.e. the outer electrode 32), and was added to the waveform as a small dc 
bias (up to ± 50 V); At an appropriate combination of DV, and compensation 

20 voltage CV, a given ion will pass through the FAIMS device 30. The imit therefore 
acts like an ion filter. It is possible to fix conditions such that a single type of ion is 
isolated in the FAIMS analyzer 34 altiKough a mixture flows 1^ 
of the FAIMS device 30 although a mixture of ions are presented to the inlet of the 
FAIMS analyzer region 34. 

25 . The second part of Ae wavefonn shown ih Kgure 7 (Le. the exte 

period) was used to pulse the ions out of the FAIMS analyzer regip 
outer electrode 32, and the inner shield electrode 33 (shown in Figures 6A and 6B). 
At tiie end of the focussing period, i.e. after 16 ms of waveform,, the asymmetric 
waveform was replaced by a constant dc bias of approdmately +30 V. This caused 
30 the ions from the annular space 34 between Oxe outer electrode 32 and the inner 
shield electrode 33 to move in the direction of ttie inner shield electrode 33. A 
detector bias of -5 V, applied to innermost ion collector electrode 35, helped to carry 
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the ions from the vidhity of the holes 38 in the fitiner shield electrode 33> throii^ the 
. holes 38 and into contact wi A tteinner^ The +30 Y 

bias created an electric fidd of approxiznately 150 V/cm across the EAIMS analyzer 
regiori 34 and most ions located within this region 34 travelled across the 2 mm 
5 space m about 1 ms. The ion current due to flie arrival of ions at flie center inner 
shield electrode 33 can be predicted. For example, if only one type of ion, with 
mobility of 2.3 cm^/V-s, e.g., (HjO)^^!!* at ambient temperature and pressture 
conditions/ was located in the FAIMS analyzer region 34, and if this ion was 
distributed evenly in the space, an approximately square-topped signal lasting 
10 approximately 0,6 ms should be observed. Deviation jfrom this expected ion arrival 
profile would suggest that the ions were distributed in non-uniform profile across tiie 
FAIMS analyzer region 34 between the outer and inner qrlinders of the FAIMS 
device 30. 

Still referring to Figures 6A, 6B, and 7, the FAIMS-Rl-proiotype 30 
15 was operated as follows. A 2L/inin flow of purified air. Carrier Gas In (Cin), was 
passed into the cylinder 31 housing tiie ionization needle 15. Approximately 2000 
V was applied to the needle 15, and the voltage was adjusted to produce a stable 
ionization current The high voltage asymmetric waveform V(t) was applied to the 
outer FAIMS cylinder 32 for approximately 16 ms; tius was followed by a 2 ms 
20 extraction pulse (Figure 7). The ion current striking the innmnost ion collecting 
electrode 35 was detected and displayed on a digital oscilloscope 37. A 
measurement would typically consist of 100 averaged sp>ectra, collected at a rate of 
approximately 5 Hz. Many experimental parameters were varied, including gas flow 
rates; the voltages of the asymmetric waveform V(t), the dc voltage applied to the 
25 outer eledrodeCV, and the extraction voltage. ; 

Kgure 8 illustrates the ion arrival times at the innermost ion collector 
electrode 35 observed by conducting these experiniients. Each trace was recorded 
with 2500 V applied DV, but with variable CV voltages. As can be seen, during 
application of DV and CV, the radial distribution of ions is not imiform across ttie 
30 armular space of the FAIMS analyzer region 34. For example, at CV near -11 V, tiie 
ions are ft)cussed into a narrow band near the inner electrode 33, and tfterefore are 
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detected as a high intensity pulse 
; been applied. At low CV, for example at -5.6 V, the ions are much more uniformly 
distributed between the walls of the concientric cylinders 32 33 making up the FAIMS 
analyzer region 34. When no electrical voltages are applied to the cylinders 32, 33, 
5 the radial distribution of ions should be approximately tmiform across the FAIMS 
analyzer region 34 (data for this no-voltage experimental condition is not diown in 
this document). The experimental data shown in Figure 8 is evidence that the ion 
foaissing is indeed occurring in FAIMS ixistrum^ 

being focussed in a tmiform "sheet" or band around the inner cylinder 33 witfiin the 
10 FAIMS analyzer region 34. As mentioned previously, to the inventors' knowledge/ 
this focussing effect has never been observed or explained previously. 

• The 3-Dtmensional Atmospheric Pressure Ion Trap 

The gas flows between the cylinders of the FAIMS devices described 
above serve to carry the ions from one end of tiie device to the other end. In every 

15 case the action of the electric fields is perpendicular to the transporting niotion of the 
gas flow. This is the reason the early devices were referred to as transverse field 
compensation ion mobility spectrometers. The present invention is the result of 
attempts to convert the 2-dimensional ion focussing action of the FAJMS-E 10 and 
FAIMS-Rl-prdtot)^e 30 into a 3-dimensional trap by ei\siunng that the ions are 

20 caught in a physical location in which the gas flows and the electrical fields are not 
perpendicular^ but rather act in opposition to each other. This creates ia 
3-dimensional atmospheric pressure ion trap. 

Note that, in this disdostire, tihe term "ion focussing" is restricted to a 
2-dimensional configuration. Thiat is; if the ions are "focused", they will be. 

25 restricted to a sheet-like structure, and the thin, flat sheet can extend in any 
direction/ for any (distance. For example,. if ions.are "focused" around the external 
surface of a long metallic cylinder, this will mean tiiat they are restricted to be witfiin 
a cylindrical space (composed of the ions) which is coaxial to, of surrounding tfie 
metallic cylinder. This sheet of ions will extend as far as die cylinder, and all 

30 arotmd it continuously. On the other hand, in this disdosture the term "ion trapping" 
is restricted to the condition that an ion cannot move freely in ariy direction in 
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3-dimensionai space. This is more restricthre tihan ''f^^ 

free to move anywhere in the 2-dimensions e;g» along the length of the cylinder 
described in the example noted above or arotmd the cyli^ 

3-dimensidnal ion traps for operation in vacuimi chambers of mass 

5 spectrometers are well known^ and several geometry's exist. However, the 
mechanism and operation of these vacuumrion-traps is vastiy different from that of 
the atmospheric pressure (760 torr) version of the ion trap described in this 
document The physical geometry, the layout of the hardware components, and the 
electrical voltages applied in known 3-dimensional ion traps are in no way related to 

10 the present atmospheric version of the ion trap. Several embodiments of the 
3«dimensional atmospheric pressure ion trap of the present invention will be 
considered below. 

FAIMS'RZ-Protottfpe 

Referring to Figmes 9A and 9B, the device whidK will be referred to as 

15 the FAIMS-R2-prototype 40 is showiu Here, the asymmetric waveform V(t) and tiie 
compensation voltage CV are applied to the inner, solid, electrode 42, having a 
diameter of about 2 mm. The outer, electrically groimdeld electrode 43 has an inner 
diameter of about 6 mm, thereby allowing an annular space of about 2 mm between 
the electrodes. This aimular space has been referred to as ttie FAIMS analyze or 

20 FAIMS analyzer region 14, 34, 44 in the discussion above, and for simplicity we will 
continue to use this terminology. The ipxts are created by corona discharge using a 
corona needle 15 in a dosed cell (not shown) located, adjacent to a 0.5 mxri hole 
through .the wall of the outer cylinder, Asshpwnin Hgure9A,ions aredriveriby ^ 
hi^ electric field generated by flie corona disdiarge needle 15 (held at about + 2000 

25 , V), through ttie 05 mm hole 45, and into Ae FAIMS analyzer region 44 (only those 
ions travelling directly toward ttie hole 45 are shown for simplicity). Inside the 
FAIMS analyzer region 44, near this hole 45, the electric fields and the gas flow 
(shown to be flowing from right to left in Rgures 9A and 9B) are perpendicular to 
each other and the ions experience the 2-dimensional focussing effect described in the 

30 sections above in relation to the FAIMS-Rl-prototype 30. However, the inner 
electrode 42 in the device shown in Figure 9A, terminates about 1-4 mm from the 
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end of Ae outer electrode 43; The inner surfece of the outer electrode 43 at the 
downstream end is contoured in sudi a way as to maintain approximately the same 
electric fields (i.e. created by the application of DV and CV) as would be 
experienced along the length of the FAIMS analj^zer region 44. The end of the outer 
5 electrode 43 has an exit grid 46 comprising a hole (about 2 mm) which is covered 
with a fine, high transmission metallic screen. The gas flowing through the device 40 
also flows freely through the grid 46 and exits from the space between the outer 
electrode 43 andi a collector plate 47. In the absence of any applied voltages (i.e. 
DV and CV = 0) the ions will travel through the device very much as shown in Kg:ure 
10 9A. The ions enter the analyzer region 4^ flow witti die gas out ttiroughl^^ 

46 of the outer electrode 43, and the few remaining ions are attracted to an ion 
collector plate 47 biased at about -5 V. The collector plate 47 was connected to a 
high gain current amplifier or electrometer 36 (e.g. Keithly 428) and an oscilloscope 
■'37:. 

15 The application of an asymmetric waveform of the type shown in 

Egure 7 resulted in the ion focussing behavior described above for the conventional 
FAIMS-E 10 and FAIMS-Rl-prototype 30, except that the focussing action extends 
aroxmd the generally spherically shaped terminus 42T of the inner electrode 42, as 
shown in Figure 9B. This means that the ions cannot escape from the region around 

20 the terminus 42T of the inner electrode 42. This will only occur if the voltages 
applied to the inner electrode 42 are the appropriate combination of CV and DV as 
described in the discussion above relating to 2-dimensiohaI focussing. If the CV and 
DV are suitable for the focussing of an ion in the FAIMS analyzer region 44, and the 
physical geometry of the inner surface of the outer electrode 43 shown in Figures 9 A 

25 and 9B does not disturb this balance^ the ions will collect near the terminus 42T as 
shown in Figure 9B. Several contradictory forces are acting on the ions in fliis regpion 
near the terminus 42T of the iimer electrode 42. The ion doud shown near the 
terminus 42T of the inner electrode 42 in Rgure 9B would like to travel from right to 
left to flie exit grid 46 in the marater siu>wn in Hgi^^ 

30 gas flow. Tlus also m^ans that the ions caxmot migrate back from left to right, 
toward the ionization source 15. The ions that get too dose to the inner electrode 42 
are pushed back away from the electrode 42, and those near the outer electrode 43 
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will migrate back towards fte inner electrode 42, because of the application of the 
negatively polarized CV, The ions are captured in every direction, either by forces 
of file flowmg gas, or by the electric fields (electric potential well) of the FAIMS 
mechanism* 

5 Note ttiat while the above discussion refers to the ions as being 

"captured" or "trapped", m fact; the ions are subject to 'diffusion'. Diffusion 
always acts contrary to focussing and trapping. The ions will always require an 
electrical, or gas flow force to reverse the process of difhision. This means that 
although the ionsmay be focused into an fanaginary cylindrical zone in space (with 

10 ahnost zero thickness), or within a 3-dimensipnaI ion trap, in reality it is well known 
that the ions will actually be dispersed in the vicinity of this idealized zone in Space 
because of diffusion. This means that ions will always be "disWbuted" over some 
region, rather than all precisely located in the same place. This is important, and 
should be recognized as a global feature superimposed upon all of the ion motions 

15 discussed in this document. This means that, for example, a 3-dimensional ion trap 
will actually have real spatial width, and leak for several physical, and chemical 
reasons. 

^ Expanding on fte chemical effects in FAIMS, if an ion^TO 
neutral molecule and temporarily forms a stable complex, this complex may drift out 

20 of the FAIMS focussing or trapping region because ttus new complex has high field 
mobility properties which are different from the original ion. This means that the 
complex may have behavior at high electric fidd (see Figure 1) which differs from flie 
original simple parent ion. For example (at the extreme) the original ion may be of 
type A> and £he new complex of type C shown in Hgure 1. If this is the case, the new 

25 complex win not be trapped at the prevailing DV and CV conditions. The co^^ 
of any of these ions with the walls of the device will soon result in loss of the ions 
from the trap. Although the original ion itself may continue to be trapped, the 
removal of this ion via "chemical" effects is entirely possible, and is the reason the 
FAIMS anal3r2er will fadl in the presence of significant water vapor or contaminants 

30 in the gas flows. The FAIMS analyzer works best in very dean conditions. During 
operation in P2 mode, flie reqtxirement for a high pturity gas is somewhat relaxed. 

Now referring to Figures lOA through 101, experimental results wdth 
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the FAIMS-R2-prototype 40 are shown. The dimensions of the eleictrodes were 
described above, for Figures 9 A and 9B. The DV was approximately 2000 V, CV 
was -12 V, and the gas flow through the device was 0.9 L/min, The DV and CV 
were applied to the inner electrode for about 16 ms, then these voltages were 
5 replaced by an extraction voltage applied to tiie inner electrode 42, The DC 
extraction voltage applied to the inner electrode 42 pushes the ioris away from the 
inner electrode 42 towards the exit grid 46, whereby the gas flow carries these ions 
through the grid 46 (witii some percentage of the ions lost in collisions wiA this grid 
46). The traces in Figure lOA through 101 represent results for tiie ions extracted 

10 with voltages ranging from +1 V (Figure IDA) to +30 V (Figure 101), The extrartion 
of trapped ioxis results in a positive ptdse 48 recorded in Figures lOA-lOI. The 
negative pulse 49 shown iti the figures is the electronic transient noise that occurs 
when ttie DV and CV are removed and replaced by the extraction voltage. It is dear 
from the data shown in Figures lOA-lOI that an increase in the extraction voltage will 

15 yield a shorter, more intense ion signal 48. This occurs since the ions are pxiised out 
of fee trap more vigorously wi A tiie +30 V than the +1 V. The experimaital results 
shown in Figures iOA-lOI verify the hypothesis tiiat a cloud of ions accuinulates near 
the terminus 42T of the inner electrode 42. A pulse of ioiis, as shown in Figure 101, 
could not be extracted from the FAIMS-Jl2-'prototype 40 tmless some ions were 

20 available, near the terminus 42T of the inner electrode 42. . 

FAIMS-R3'Prototype 

Now referring to Figures llA through IIC, the FAIMS-R3'prototype 
50 is shown. This device is configured for detection by mass spectrometry, and a 
sampler cone 18, throu^ which gas and ions are pulled into the vacuum chamber of 

25 a mass spectrometer is shown on the left side of Figures IIA-IIC. The right side of 
the vacuum housing, and san^ling cone 18> is substantially at atmospheric pressme. 
the left side of those components is labelled "Mass Spectrometric Vaqiiam 
Chamber-', and is typically below 1 torr pressure. In most systems a second orifice 
(not shown) leads to the mass anal3rzer region, of the mass spectrometer which is 

30 usually below 10^5 torr pressure- 

. The FAIMS-R3-protot3^ analyzer 50 shown in Figure 11 A consists of 
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an inner/ solid, qrlindrical electrode 52 of about 2 mm diameter, and an outer 
electrode 53 which is about 6 mm inner diameter. The center electrode 52 is 
powered, through an electrical coraiection, by an asymmefaic waveform generator 
power supply 55. Botfi DV and CV are suppKed by this generator 55. The 
5 waveforms, and the timing diagram are shown in Kjgure IID. As shown in Figure 
IID, the asymmetric waveform is applied continuously to the inner electrode 52. 

Referring back to Kgure llA, gas enters the FAIMS-R3-prototype 50 
from the right side and flows along die annular space comprising the FAIMS analyzer 
region 54, and out through the open end of the outer electrode 53. Adjacent to the 
10 open end (left side) of the outer cylinder 53 is an exit grid 56 comprising a fine, 
thin-wired metallic grid which is electrically isolated from the outer electrode 53, and 
has an electrical coimection to a grid electric pulse generator power supply-57. The 
voltage on the grid 56 can be changed step-wise using this power supply. The grid 
voltage and timing diagram is shown in Figure IID. The grid is typicaUy maintained 
15 between -5 and +5 V during the ion storage time (e.g.OV) shown in Kgure IID. 

ffdd will then be stepped (100 ns transition) to befwem -5 V and -50 V (e.g. -15 V in 
Figure IID) in order to extract tfie ions from the 3-dimensional atmospheric pr^sure 
trap which is located at the spherical terminus 52T of the inner electrode. HgurellB 
shows schematically the approxfanate location of the ions during the storage period, 
20 It should be kept in mind that the ions trapped here must have the correct high field 
ion mobiUty (see Figure 1) so that their "net" motion is zero at the combination of CV 
and bV being applied to the storage device (the tenn "net" is used because ttie ion is 
constantly moving badc-and-forth due to the application of the asymmetric 
waveform: if ttie ion returns to the same location repeatedly, fiien the "net" motion 
25 caused by the appUcation of DV and GV is zero). For example, the (H20)„H+ ions 
will be stored in the geometry shown in Figure IIA-IIC at a DV of about +2(H)0 V 
and a GV of approximately 40 V (typical of PI mode ). At conditions very 
different (e.g. at DV 2000 and CV +10 V) from this combination of DV and CV, the 
(H20)nH^ ions will not assemble into one physical location as shown in Kgiire IIB. 
30 Instead, these ions will collide witii the walls of the cylinders 52, 53. At a second set 
of DV and CV conditions, such as the DV 2500 and CV -5 V, another ion (e.g. 
(Leucine)H* ) may be able to collect at the tip 52T of the inner electrode 52 as shown 
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inHgurellB. 

Near the tei:minus 52T of the inner electrode 52 shown in Figure IIB, 
the ions are restricted in motion because of several contrary forces. The gas flowing 
along the FAIMS analyzer region 54 applies a force which will prevent migration of 
5 ions from the left to right (Figure IIB) back toward the ion trap gas inlet/ and this 
force will also tend to pull the ions out of the trap towards the exit grid 56 shown at 
the left end of the outer electrode. The electrical forces characteristic of FAIMS 
maintain the ions at a fixed distance from the sides of the inner electrode 52: (1) the 
ions which are too distant from the inner electrode 52 are attracted to the irmer 
10 electrode 52 because of the negative polarity of the applied dc offset, i.e. a negative 
CV; and (2) the ions close to the inner electrode 52 are pushied away because of the 
increase of the ion mobility at high field (see Figure 1) assuming the ions are of type 
PI. Details of the ion motions are presented below. • 

Figure lie illustrates the removal of ions front the 3-dimensional 
15 atmospheric pressure trap via a stepwise change to the voltage applied to the grid 
electrode 56. If the voltage applied to the grid 56 is decreased from, say, 0 V to -15 
V as shown in the timing diagram Figure IID, the well depth of the ion trap is 
reduced or eliminated, and the ions are free to escape under the influence of the gas 
flow, or by the electric field which might pull the ions toward tfie exit grid 56. 
20 The FAIMS-R3-prototype 50 shown in Figures IIA-IIC. is 

appropriate for detection of ions produted by electrdspray ionization (ESI). FAIMS 
is highly sensitive to moisture and contaminants iii the gas ^tering the analyzer 
region. It is common that contaminants, or too much water vapor, will result in 
complete loss of signal, and failure of the FAlMS to function in the maimer described 
25 in this document. Since electrospray ionization involves the 
hig^-voltage-assisted-atbmization of a solvent mfacture, the amoiint of water and 
otf\er volatile solvents is far too high to be tolerated in the FAIMS anal)^ region 54. 
This will mean that the ESI-FAIMS combination will always require a ty^e of 
gas-isolation, curtain gas, or coimter-current gas flow, to prevent neutral solvent 
30! . molecules from entering the FAIMS toalyzer region 54. One method to accomplish 
this is shown in Figures llA-llC The FAIMS is separated from the ESI chamber 60 
by a small chamber 61 which has provision for gas inlets 62 and gas outlets 63. If a 
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flow of gas enters this intermediate chaniber 61, and a portion of ttie gas flows 
. toward the ESI chamber, then the neutral sohrent molecules will exit via fliel port on 
the ESI chamber, and will be prevented from entering the ion trap aperature. The 
electrospray needle 15E, shown in Figures IIA-IIC iis more likely to be in a 
5 horizontal plane or lower than the FAIMS analyzer region 5^ rather than the higher, 
vertical position shown. This minimizes the tendency for very large droplets to fall 
via gravity, into the FAIMS analyzer region 54; In a horizontal or low^ 
configuration the large droplets will fall into the bottom of the ESI chamber 60, which 
could (optionally) have a drain for removal of excess solvent Alternatively, if the 

10 ion trap gas inlet is closed off, gas entering the purge gas iiUet could be used to both, 
help in desolvation, and a portion of this gas flow would be used to carry the ions 
along the FAIMS analj^er region 54 from right to left in Figure 12, 

The counter-current of gas can be achieved in a second way shown in 
Figure 12 (gas flows are emphasized, and most of the ions are omitted). If the 

15 FAIMS analyzer gas flow is adjusted so that some of the gas will exit the FAIMS 
anal)7zer region 54 into tiie ESI chamber 60, the entrance of neutral contaminants can 
be avoided. This may result in higher ion transmission tfian.that for the device 
shown in Figures llA-llC. Note also that the exit grid electrode 56 (Figures llA- 
IIC) has not been shown in Figure 12, In this embodiment flie 'detraction' pulse that 

20 destroys the ion trap is applied to tiie mass spectrometer sampling cone 18. 

FAIMS Ion Trapping Mass Spectrometry Experiments: Instrumental Overview 

Now referring to Figures 13A-13J, a system of using a ttmenof-flight 
(TOF) mass spectrometer, in conjunction with the FAIMS-R3-prototype 50, is 
discussed. As shown in Figure 13A, the ass^nbly of the FAIMS, the ion production, 

25 and gas controls are similar to tiiiat shown in Figure 12. For the purposes of further 
duddation of the operating details of tiKis system, and the e^q^^^ 
diagram has been extended to show the mtemal components of the time-of-flight 
(TOF) mass spectrometer 70 used for this work. The timing diagram for control of 
the dispersion voltage, compensaUpn voltage, sampler cone voltage Vqr, and the 

30 TOF acceleration pulse appears in Figure 13B. 

Figure 13A shows that there is an electrical connection to the sampler 
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cone. This electrical ccmnecdpn is used to control the sampler cone voltage Vq]^/ the 
voltage used to gate the ions out of the ion trap. For example/ in a typical 
experiment, the Vq^ may be set at +40 V during trapping oi the ions and at +1 V for 
ion extraction (e-gv at FAIMS offset voltage +20 V, and compensation voltage -3 V). 
5 These voltages would be applied for time periods, for example, 40 ms for trapping 
and 10 ms for ion extraction. After the inidatioh of the ion extraction, a doud of 
ions, which was located near the termintis 52T of the inner electrode 52, would move 
towards the sampler cone 18, Because of the electric field between the sampler cone 
18 and the FAIMS 50, and the high flow of gas through the sampler cone orifice 18A 

10 and.into the vacuum systeni, some ions would be transported into the low pressure 
(1 torr) region between the sampler cone 18 and the skimmer cone 71. The skimmer 
71 is typically held at groimd potential, the 1 V ditference bietween the sampler 
cone 18 and the skimmer 71 is sufficient to draw the ions through the skimmer 71, 
after which they enter a low pressure region (9x10'^ torr) and are transported to the 

15 entrance of the TOF acceleration region 72 via an octopole ion guide 73. The 
octopole guide 73 is operated at low pressure so that the delay and broadei\ing of 
the pulse during transport of the pulse through the octopole 73 is minimized. The 
octopole 73 is typically operated using a DC offeet of -4 V, and a 1.2 MHz applied 
waveform of 700 V (peak-to-peak) to confine the ions. An exit aperture lens of the 

20 octopole ion guide (not shown) is held at -5.5 V. The ions pass through the 
octopole exit lens and through a series of grids which compose the ion acceleration 
region 72 of the TOF mass spectrometer 70. 

Still referring to Figure ISA, the acceleration region 72 of the TOF is 
connected to two high voltage pulse generators 74A, 74B, and operates as follows. 

25 The device includes 3 fine mesh metal grids 72A, 72B, 72C. The grid 72C which is 
located closest to the flight tube is held at constant grptmd potential. The other two 
grids 72A, 72B are each connected to a high voltage pulse generator 74A, 74B 
respectively. The grids 72A, 72 Bare found at two possible voltage states, coritroUed 
by external pube generator digital logic 75. In one voltage state both of the grids 

30 72A, 72B are held at one voltage, our experiments used -55 V. In this state, the ions 
ttiat travel from the exit lens of the octopole ion guide 73/ will pass through the grids 
72A, 72B. The grids; 72A, 72B are also held at a second, high voltage condition 
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obtained by applying a pulse (less than 0.1 us nsetiirie) of about 50 (is dtiration; 
Thare will be siome ions vyWdi are located in the regions between tiiese grids 72A, 
72B when fhe pulse is applied, and ftese ions will be accelerated in the direction of 
the ffight tube 76 and the detector 77 shown in Kgure 13A. These ions paM^ 
5 tiie second grid 72B and are furfl«r accelerateid because of tfie high electric field 
between the second grid 72B and ttie third grid 72Q which is at ground potential. 
Once these ions have passed out of tiie accderation region 72, and are travelling 
along the flight tube 76, the voltages on ttie two variable grids 72A, 72B in the 
acceleration region 72 are rehimed to the low voltage condition, and new ions can 
10 enter the space between the grids 72A, 72B. The grids 72A, 72B are typically 
maintained at high voltage for about 50 |is. 

In principle, the ions which pass down the flight tube 76 separate 
according to mass (for this discussion, we assume charge (Z) = +1) because all of the 
ions have the same energy (as a first approximation), deBned by tiie voltage drop 
15 between the pulsed voltage grids 72A, 72B and flie fixed grounded grid 72C. The ion 
energy is defined by E, mv2/2, therefore ions of different mass, m, hade different 
ion velocities, v, so that Ej, ttie energy, is constant The ions ariive at ttie TOF 
detector 77 in sequence of ion mass. The lowest mass ions have the highest velocity 
and arrive at the detector 77 first, and ttve highest mass ions arrive last. 
20 In practice, however, not the all of the ions leaving the acceleration 

region 72 have identical voltages. The ions have energy in part dictated by their 
starting location between the two pubed acceleration grids. This differaice in 
energy aUows the device the capability of 'spatial' focussing, which means that all of 
the ions with a given m/z, regardless of tfieir starting portion in the acceleration 
25 region 72, wiU reach tt\e detect 77 simultaneotisly. This use of the word 'focussing' 
in fliis context is much like Ae focussing of light in an optical system (e.g., camera). 
Ions accderated from between the secorid grid 72B and tf»e grounded grid 72C have a 
wide range of energy and contribute to unwanted 'background' noise. This is 
minimized by locating the second.grid 72B very dose (2 mm) to the grounded grid 
30 72C. . - 

The TOF acceleration region 72 is pulsed at fixed delay times 
foUowing the pulse applied to the sampler cone 18 (Vqr). There WiU be a finite dday 
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tiiirfe for the ptilse of ions to be extracted frbih FAIMS 50> pass through the vacuum 
interface 18, 71, through the pctopole 73, and into the acceleration region 72. TOP 
m^s spectra are collected at a series of delay times after the extraction ptilse is 
applied to the Scunpler cone 18. The arrival of the pulse of ions is characterized by 
5 tihe appearance of a strong, transient signal, followed by a decay of signal interisity 
down to a constant level which corresponds to the imiform signal which would be 
detected if the sampler cone was held at the low voltage (i.e., +1 V) state 
continuously* 

TOFMassSpectra,andCVSpectrafortheStudyofIonTra^^ 

Id The low mass ions produced by corona discharge ionization, 

particularly protonated water ions were at very high ion density (abundance), and 
were therefore expected to either fill ttve trap too rapidly, or have too short lifetimes 
for the present study. Therefore, it was decided to look for higher mass ions in P2 
mode. The abundance of tiiese ions were expected tp be low since they were only 

15 formed from trace contaminants in the carrier gas. No additional samiple 
compounds or gases were added to the system. The ions studied here were formed 
by corona discharge ionization in the "dean" nitrogen atinosphere. The ion source, 
and the FAIMS device were operated in as clean a condition as possible. 

Figure 13C illustrates a typical mass spectrum acquired for this study. 

20 The exact mass was not determined, since this would require a known calibration 
cpmpotmd, however the approximate mass was determined using the flight times for 
some lower mass ions including ttie protonated water ions. Several impurity ions 81, 
82 appear in ttie spectrum, however only the ion 83 of hi^est abundance (flight time 
27*0 lis) was consid»ed for the present study. This ion 83 has a. m/z of about 380 

25 (±10 m/z). 

Figure 13D illustrates the compensation voltage scan for detection pf 
the ion 83 witti flight time of 27.0 ps (m/z about 380) at ah applied dispersion 
voltage of -3500 V. This polarity of DV is refeired ta as P2 mode, and the ions 
typically passing through FAIMS in F2 mode usually have mass above m/z 300. The 
30 ions that are usually present in P2 mode have ion mobilities thaft decrease as the 
electric field increases (ion type C, Figure 1). One limitation of F2 mode is that the 
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ions are typically fotind at low CV, and Iherefbie tiie strength of the ion trapping is 
weak. On the other hand, one advantage oiF higher mass ions is tfiat the ion mobility 
is usually lower, and therefore tiie distances travelled during the applicatioii of the 
high voltage asymm^c wavefomi are reduced, and tfie rate of ion loss to tiie walls 
5 via diffusion is expected to be minimized 

The ion intensity at each experimental point in Figure 13D was 
acquired by averaging the spectra recorded from 5000 repeat TOP acceleration 
pulses. The compensation voltages were adjusted manually, with a digital voltmeter 
used to read out the voltages set by a power ^pply. Three traces appear in Figure 

10 13D, corresponding to the collection of compensation voltage sweeps in three 
operating methods including: (1) pulsed sampler cone 18 with detection at 43 ms 
after the 'down' edge (transition) of the Vq^; (2) continuous ion transport from 
FAIMS through to the TOF with the Vqr set at fl V; and (3) continuous ion 
transport from FAIMS to the TOP with Vqr at +15 V. The compensation voltage 

15 corresponding to ihe maximum detected ion transmission was comparable for these 
three methods of daita acquisition. From Figure l3D, the ion witii flight time 20.0 ixs 
was transmitted through the FAIMS- device 50 at DV = -3500 V and a compensation 
voltage between about -25 V and -4 V» 

Ion Transport Delays within ihe Ion Optics of the TOF 

20 . Now referring to Figure 13E, the results of an experiment designed to 

detennine the response time of the entire system are shown. The Vqr was stepped . 
between two values, one (+15 V) which was suitable for ion transmission through the 
FAIMS and into the vacuum system, and the second voltage (-10 V) which was 
tmsuitable for either trapping or ion transmission. Rgure 13E illustrates the intensity 

25 of mass spectra collected at a series of time delays between ttie Vqr transitions of 
both possible types, namely from high to low voltage, and also from low to high 
voltage. For th6 discussion below, these transitions will be considered the 'down' 
and 'lip' edges of the change in Vqj^, respectively, the origin of the delay, and the 
length of delay, is different for the two cases. The reasons are consid^ed next 

30 In the case of high to low voltage transition> 'down', which occurs at 

40 ms in Rgure 13E, the low voltage applied to sampler cone 18 will prevent any 
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(positively diarged) ions from passing between the sampler cone 18 {Le., Yq^ at -10 
. V) and the skimmer cone 71 (at 0 V), and thus the "down" transition will create an 
extreidely abrupt decrease in ion flux passing into the octopole ion guide 73. At bne 
extreme it might therefore be expected that the intensity of spectra taken by the TOF 
5 might decrease to zero abruptlyi Experimentally, the abrupt decrease in ion density 
will be 'blurred' due to ions moving back into the low ion density region. This 
broadening is e)q>ected: (a) becatise not every ion will have identical kinetic energy, 
and those ions with slightly less energy will fall behind, and (b) because collisions 
between the ions and tiie residual gas within the octopole housing 73 will affect the 

10 kinetic energy of some fraction of the ions. Since the octopole 73 is an ion guide, this 
longitudinal spreading will be accentuated since ions which have tmderg:one collision 
with the residual gas wiU remain contained within flie octopole 73. Because of their 
lowered kinetic energy, these ions will travel through the octopole 73 and arrive, at 
the acceleration region 72 of the TOF with long delay times. Figure 13E shows that 

15 the ions continue to arrive at the TOF acceleration grids for about 2 ms after the Vqr 
is shifted from +15 V down to -10 V. Note that this 'down' transition occurs at. 40 
ms on Figure 13E. 

The 'up' voltage transition of the sampler cone from low to high 
voltage has a slightly different effect. This transition occurs at time 0 ms in Figure 

20 13E. As shown in Figure 13E, the time reqmred for the intensity of the TOF spectra 
to reach a plateau is about 10 ms. Several delays are expected. When Vqr is 
raised, the relatively low density of ions which are located in front of the terminus 
52T of the inner cylinder 52 of FAIMS 50 must be augmented by newty 
which have been passing along the annular region 54 between fte 

25 52, 53. Secondly those ions must start to paiss tiurough the sampler cone 18 to the 
skimmer 71 region, and subsequently through the octopole 73. From the discussion 
. of the 'down' edge of ttie Vqr pidse described above, it requires a minimum of 2 ms 
for changes in ion density (of ttie ion which is monitored) to be transmitted through 
the octopole 73. " the additional time delays required prior to ion abundance 

30 increases in the TOF spectra (i.e., the difference between 2 ms and 10, ins) are 
therefore attributed to delays in appearance of ions in front of the sampler cone 18, 
and secondly due to the transmission through the sampler cone 18 to the skimmer 71 
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Experimmtal Venfication of Ion Trapping in FAIMS 

Now refemng to Rgures 13F 
the 3-dimensional ion trap located near the spherical terminus 52T of the inner 
electrode 52 of the FAIMS 50 is illustrated. The experimental conditions for 
collection of the data for Figure 13F and 13G were identical, except that the carrier 
gas flow into FAIMS 50 was decreased for collection of Figiu-e 13G. The data for 
diese plots were collected in independent experiments, about 1 week apart 

The plots in Figure 13F and 13G show the measured intensity of the 
ion with flight time 27.0 jis (about m/z 380) collected at various times after the 
'down' transition of the sampler cone 18. The timing of these pulses is shown at tiie 
bottom of Figure 13F. Time zero represents the time at which tihe sampler sone 18 is 
pulsed from the high voltage state (Vor = +40 V) to its low voltage state (Vqr = +1 
volt), thereby extracting ions from ttie FAIMS trap. The ions require about 5 ins to 
travel through the system to ttie tOF acceleration region 72. The pulse of ions is 
widened dtiring passage, and appears to be about 3 ms wide (at half height) when 
detected by the present system. 

Figures 13F and 13G also include two horizontal lines corresponding 
to collection of non-pulsing mode data at two different settings of Vqr. The lower 
intensity data was collected with Vqr = +1 V, which corresponds to the low' state 
of the sampler cone 18 when operating in pulsed mode. The higher intensity, 
horizontal trace, was collected at an experimentally optimized setting for the 
saixipler cone 18 (at Vqr = +15 V). At this setting the dc level of fl\e sampler cone 18 
resulted in the maximtun possible TOF spectrum intensity for the non-pulsing mode. 
Note that the intensity of signals for Yqr = +15 V for Figures 13F and 13G are 
comparable although the data was collected on different occasions and with 
different FAIMS gas flow conditions. Ion trajectory modelling has shown that the 
ions passing aroxmd the terminus 52T of the imer electrode 52 can be focused 
towards the center channel as they pass by the end of the electrode 52. In this way 
the ions will tend to be transmitted into the sampler cone orifice 18A leading to the 
vacuum with maximum sensitivity. An exaitnple of this trajectory calculation that 
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indicates that this ion focussing will occur is shown in Hguxe 19C and 19D (faelpw). 

Ion Storage Time Period 

An experiment was performed to determine the effect of the ion 
storage period on the intensity of the detected pulse of ions resulting from extracting 
5 the ions from the storage zone near the end of the inner FAIMS electrode* The 
intensity of the TOF peak for the ion at flight time 27.0 (is/ plotted as a fimction of 
flie length of the storage time period is shown in Figures 13H, 131 and 13J. The 
waveform applied to the sampler cone 18 was composed of a constant period of 
time (10 ms) at low voltage (Vqr = +1 V) during which the ions were permitted to 
10 enter the TOR The signal intensity was measured by activating the TOF accel^tion 
grids 72A, 72B about 4.5 ms after the sampler cone grid voltage Vqr was lowered. 
Vqr was held at a high value (Vqr = +40 V) for periods of time shown or\ the x-a>ds 
of Figures 13H-13J. Three traces appjear in Figures 13H, 131 and 13J, corresponding 
to data collected at various settings of compensation voltage CV. The ion intensity 
15 for a non-optimum compensation voltage, CV = -4 V (Figure 13J), suggests that the 
ion trap is relatively inefficient, and the maximum number of ions which can be held 
in the trap is reached relatively rapidly, i.e., about 10 ms. On the other hand, at 
CV = -3 V (Figure 13H) and -3.5 V (Figure 131), the intensity rises for over 30 ms. 
This suggests that the lifetime of the ion, i.e., with drift time 27.0 |is, withii\ the 
20 FAEMS ion trap is at least 5 ms. At high trapping times it is assumed that the trap 
has filled and that the influx of ions is balanced by losses by diffusion and gas 
flows. This experiment can be considered to be a simple kinetics problem. The 
influx of ions is X ions/sec. The loss of ions,. Y ions/sec, is proportional to the 
number of ions in the trap. The increase in ttie niuhber of ions, in the trap, Z ions 
25 total/ will continue until steady state is reached and X = Y = kZ» where k is the rate 
constant for the function desqibing the rate of ion lo>ss from thb. trap. At a short 
delay time Z is small and kZ is small. It therefore can be assumed that Z = Xt where 
t is the time. The solution to the differential equation dZ/dt = X - kZ is Z(t) = 
X(l-e-^*)/k/ if Z at time zero is zero. The data set can be fit to this function to 
30 determiiie X and k. Figures 13H, 131 and 13J show the experimerital data, and 
calculated curves based on the equation above used to fit the data. The k values 
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were 0.06^ 0.12 and 6,34 for the CV curves -3; -3 J and -4 V respectivdy . Tliie 
; corresponding X values were 0.4, 0.72 and 0.8 respectively. High values of k 
represent conditions wherein &e rate of ion loss is high. High values of X 
correspond to a high rate of ion input into the trap. 

5 FAIMS-R4rprototype 

Now referring to an alternative embodiment shown in Figures 14A- 
14C, referred to as FAIMS-R4rprdtotype 80, a FAIMS 3-dimensioxtal atmospheric 
pressure ion trap is shown in which the electrospray (or other ionization) occurs 
within the radius of the inner electrode 8Z This is the configuration preferred in the 

10 Mine Safety Appliances Company verision of the FAIMS. A modified version of this 
device is shown schematically in Figures 3A and SB. In general^ ions may be 
introduced to the FAIMS analyzer region 84 either from outside (external) to the 
outer electrode 83^ or firom inside (internal) the inner electrode 8Z The latter is less 
convenient because tihe dimensions are small, and the radius of tiie irmer electrode 82 

15 must be much larger tiian can be used in devices using the external ion source. 
Moreover, the ionization source (e.g. corona discharge needle) may be susceptible to 
the influence of the high voltages applied in the asymmetric waveform. The electrode 
immediately sxarrounding the ion source is electrically grotmded in Ae FAIMS shown 
schematically in Figure 3A and 3B. 

20 In the device shown in Figures 14A-14C, Ae inner dectrode 82 wo^^ 

be about 14 mm outer diameter^ and the outer electrode 83 about 18 mm inner 
diameter, with about 2 mm annular space (FAIMS analyze: region 84) betweien these 
two concentric cylinders 82, 83. The end of the inner cylinder 82T (left end in 
Figures 14A-14C) is dosed, and shaped as appropriate to maintain the electric fields 

25 suitable for FAIMS ion trapping in all locations near the end of the electrode 82T. 

The inside of the outer cylinder electrode 83 is shown to be uniform in 
diameter in Figures 14A-14G> but with wide diameter inner electrodes 82 such as 
shown in Figure 14A-14C, it is very likely that the FAIMS analysis conditions will be 
better maintained if the inner surface of the outer electrode 83 is contoured very 

30 much like that shown in Figures 9 A and 9B. This will maintain substantially 
constant distance between the inner electrode 82, and the outer electrode 83 near the 
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spherically shaped (or corneal etc.)/ closed end 82T of the inner electrode 82. While 
the spacing between the inner and outer electrodes near the end of the electrode 82T 
may be substantially uniform, it will be understood that the spacing may also be 
non-tinif onn, as long as equilibrium conditions can be maintained at loations near tiie 
5 endoftheelectrde82T. ; 

Gas flows enter the end of the FAIMS analyzer region 84 shown in 
Figures 14A-14C (right hand side of the FAIMS in the figure), and flow toward the 
closed end or terminus 82T of the inner electrode 82. Beyond ttie terminus 82T of 
the inner electrode 82 the gas flow passes through ah exit grid 85 comprising a high 

10 transparency/ fine-wire grid, and exits through the space betweert the mass 
spectrometer sanq)ler cone 18 and the exit grid 85. A portion of the gas flows into 
the orifice of the sampler cone 18, drawn by the vacuiun of the msiss spectrometer. 
Some of the ions which have passed through the exit grid 85 during the extraction 
time period will also be drawn into the mass spectrometer, by gas flows and by 

15 electrical fields. 

Some of the gas entering the FAIMS analyzer region 84 shown in 
Figures 14A-14C must be pennitted to flow inwards (i.e. the coimter current gas 
flow) from the analyzer region 84 into the ionization region 86, thereby preventing 
neutral molecules, large liquid droplets and other imwanted non-charged components 

20 from passing into the FAIMS analyzer region 84. These components would 
contaminate the gas in the FAIMS analyzer region 84, and the ion focussing and 
trapping described elsewhere in this docxmient may be degraded. The device 
therefore may fail if the gas flow from the FAIMS analyzer into the ionization regiori 
is reversed during electrbspray experiments- If the ionizatibn occurs in a very dean 

2S non-contaminated gas, then ihis restriction on the gas flow direction may be relaxed ( 
e.g. ionization of dean gas with radioactive ^^i foil, corona discharge ionization^ 
ionizatibn by UV light radiation etc.). During operation in P2 mode the requirement 
for high purity gas is somewhat rdaxed. 

inhe device shown in Hgures 14A-14C operates in a manner analogo 

30 to that described previously. Theionspassradially out of the ionization region 86> 
transported by electric fields against the radially uiward flowing gas: Having 
passed into the FAIMS analyzer region 84 the electric fields will either confine the 
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ioris inside the analyzer region 84 (fbcussingf or trapping) or the ions, because of 
application of DV and CV whidi are not appropriate, will collide with the walls of 
Ae device. Assimung that the DV and CV are appropriate for one of 
sample, that ion will be focused in the VAMS anialyzer region M, and flow with the 
gas (since in the FAIMS analyzer region 84. flie gas and electric fields act 
perpendicularly to each oAer) toward the dosed, doni^-shaped terminus 82T of the 
inner electrode 82. If the trapping fields (electrical potential well) remain 
appropriate, the ions will assemble near the terminus 82T of the inner electrode 82 as 
shown in Kgure 14B. This will occur because the ions cannot return toward the ion 
source against the flow of gas, and the ions cannot flow with the gas out of the grid 
85 because of the confining action of the electric fields near the terminus 82T of tiie 
inner electrode. As long as the following conditions are maintained, this trap >vill 
•exist: (1) the DV and CV must be applied, and the voltages reihain appropriate for 
the ion being trapped; (2) the voltages on fte outer electrode and the grid remain 
fixed, e.g. near 0 V, as appropriate for the ion being trapped; and (3) the gas flow is 
maintained. If any condition changes the ions may leave the trap. If it is desired to 
have flie ions travel to the sampler cone 18 of ttie mass spectrometer after passing 
out of thie trapping region, and through the grid 85 as shown in kgure 14C, then one 
of the above conditions may be optionally changed to achieve this result This cotild 
occur in a number of ways: 

(1) The grid 85 voltage may be lowered (from its value during trapping) relative to 
the inner electrode 82, and relative to the outer electrode 83. This will have the 
effect of attracting (positively charged ions) away from the FAIMS trapping 
region (near the terminus 82T), and tihereby breaking Ae hold of the trap. The 
ions leave the trap, and travel toward the grid 85. Some ions will strike the 
; grid wires, and some will travel through (assisted by the gas flow). Since all 
of the voltages in Ae device must be considered relative to eadi other^ the same 
effect can be achieved by dvmges in the voltages appKed to th^ 
83, and to the inner electrode 82. For example, an increase in voltege applied 
to both the outer electrode 83 and to the inner electrode 82, will have exactly 
the same effect as a decrease in the voltage applied to the grid 85. 



(2) the DV or CV can be changed in many ways which alter the ion motion in the 
vicinity of the FAIMS trapping regioa If the CV is made more negative the ioiis 
(positive ions) will tend to collide with the inner electrode 82^ and if the CV is 
more positive the ions will be positioned fartixer from the inner electrode 82, 
and at some voltage the VAMS trap will no longer exist for this ion and the ion 
win travd with the gas flow and imder the influence of the average dc decM^ 
field, to the grid 85; as noted in (1) above. If DV is removed the trap will no 
longer function. If CV is altered, e.g. more positive, and DV is removed, 
(positivdy charged) ions wiOl be repeDed from the iniier decfarode 82, and may 

. travdtothegridSS. 

(3) The gas flow can be changed. If the gas flow is suffidenfly high to overcome 
the trapping action of the electric fields near the closed end of the inner 
electrode 82T, the ions will be pushed out of the trap and toward the grid 85, 
as described above. If the gas flow is decreased, or stopped, the ions will 
move via diffusion, and via dhemical changes. The diffusion will permit the 
ions to retum back toward the ion source, thereby de-popxilating the FAIMS 
trapping region near the terminus 82T of the inner electrode 82. Even in the 
presence of gas flows the ions may soon de-populate the trap because of 
chemical effects. If the ion collides with a neutral molecule and temporarily 
forms a stable complex, this complex may drift out of the FAIMS trapping 
region because this neW complex has hig^ field mobility properties which were 
cUflierent from die original ion. 

Other Versions of FAIMS^Rx-prototypes 

The primary objective of the atmospheric pressure FAIMS idh trap is 
to collect, confine aiid increase the cdncentratibn of ions in some ideation in space. 
This can be adueved using ttie devices described in ttie paragraphs above. iSeveral 
simple variations on these devices can be visualized. 

(1) The geometry of the end of the inner dectrode has been assumed to be 
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spherical; but the surface may be.conical, or some variatioh on these shapes, 
; The shape wiU be sdected to establish the non-unifoimde^ 

necessary to create the FAIMS focussing of ions and FAIMS trapping of ions 
that is described above. 

5 (2). The geometry of tfie inside of the outer electrode may be varied. Most of the 
examples shown have simple cylindrical geometry, for ease in mechanical 
f abrication^ A non imiform surface is more difficult to fabricate, but will be 
advantageous in some cases, especially if the inner electrode has an outer 
diameter in excess of approximately 4 mm. 

10 (3) The inner and outer electrodes have been shown to have walls that are parallel 
to die central longitudinal axis, but this is not essential. The inner electrode 
may have an outer diameter whidi varies linearly or hon-linearly along its 
length. The outer dectrode may have an inner diameter which varies along its 
length. This will be advantageoiis in those geometries in which the ionization 

15 source is located y^diinttie radial distance of the inner electrode, 

^ as shown in Figures 3A, 3B, 14A, MB and 14C. 

(4) The gas flows shown in tiie devices illtistrated in this document serve two 
independetnt and identifiable purposes, Hrst, tiie gas flow serves to carry the 
ions along the length of the FAlKlS analyzer region since the electric fields are 

20 acting perpendicularly to the lengtii of the region, and therefore caimot help to 

transport the ions along the length of the device. Secondly the gas flows are 
always cirranged to maintain tibe FAIMS analyzer and FAIMS trapping regioxts 
. deem, zmd relatively free of gas phase water and chemical contaminants. 
Where possible, the ions must travel upstreami, counter-curr«it to the flowing 

25 . . gas prior to entering the FAIMS analyzer region, in order to avoid entrance of 
neutrals and droplets into the FAIMS analyzer region. The embodiments of the 
atmospheric pressure, 3-dimensionaI ion traps that have been described above 
may pennit the replacement of oiie or another function of the gas flow. For 
example, the transport of ions along the length of the FAIMS could be 



WO00/D8457 



PCT/CA99/D0TI8 



*; . -40-. 

accomplished vi9 dectncd means* For exaix^Ie^ if an electrical gradient is 
est2l)lished along die length of the FAIMS andyze^ 

ions along its length, Ais wOtild replace one of the functions of die gas flow 
noted above. The electrical gradient can be created in two ways. First, the 
5 inner and/or outer electrodes can be segmented, with a slightly different 

constant, dc, voltage applied to each segment in such a way as to create 
another voltage gradient from one end of the device to the other. This is 
entirely feasible if the device can simultaneously maintain the DV and CV and 
geometdc conditions which are necessary to n:iaintain the ion focussing or 

10 trapping conditions. Secondly, one or more of the idectrodes may be fabricated 

in such a way as to permit a voltage gradient to be established along the length 
of the device. The lias been, accomplished using insulaSng electrodes coated 
with a semicpnductive layer. . If a diffe;rent voltage is applied to each end of 
such an electrode, the electrode acts like a resistive device, and the voltage 

15 gradient sits along its length. The voltage gradient can be linear, or non-linear 

dqiending on the application of the semi^:onducting layer. The methods for 
ion motion modelHng described bdoW permit evaluation of such approaches 
without construction of prototypes. Modelling has shown that tfiese devices 
£tre feasible. 

20 (5) The electrode to which the asymmetric waveform is applied has in most cases 
been the so^alled "inner electrode" in the discussion above. The "outer 
electrode'' surrounds the imier electrode, and is usually held at Vp^iMS* ^ 
e)q)lained earlier, in one case (Figures 6A and 6B), the asymmetric waveform 
was applied to the "outer electrode". There is no theoretical reason for. 

25 applying tiieDV and/or CV to the inner dectcpde. In all of the configurations 

described in tiiis disclosure, it is possible to apply the asymmetric wavefbnn 
. ahd/6r the offset CV to either flie imier or outer electrodes. In some cases, 
: / including the case illustrated in Figures 14A-14C, there is significant advantage 
to application of the waveform to the ouler.electrode. 

30 (6) DV and CV need not be applied to the same electrode. For example in order 
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to achieve ia CV of -11 V, tfie -11 V is either appliied to tiie inner dectrocJe, or 
+11 V is appKed to the outer electrode. Exactly the same logic applies to DV. 
If a condition for trapping an ion reqtiires DV 2500 V (applied to tiie inner 
electrode), then exactly the same behavior can be expected when DV -2500 V is 
5 applied to the outer electrode. As was discussed in ttie text describing tiie 

hardware shown in Figures 6A and 6B, it was understood that tiiese changes in 
voltage polarity are required, therefore the text for Figures 6 A and 6B vjas 
simplified and the polarity was described as if the waveform DV and GV was 
applied to the inner electrode. This was done to simplify comparisons amongst 
10 the devices described in other sections. 

(7) The geometry of the mass spectrometer sampler cone has not been discussed. 
The samplier cone 18 shown in Figiires llA-llC for example has been drawn 
(for simplicity) as flat on the side facing the FAIMS device. There is some 
advantage to be gained by use of a sampler cone which has a raised (pointed) 

15 front surface, with the orifice itself at the apex of the cone. The ions are 

generally attracted toward the pointed surface, and the ion transmission across 
the space between ttie grid, and through the orifice may be improved. 

(8) The applied asymmetric waveform may be operated with small transient 
changes in voltage, phase shifts, and polarity. For example, if an ion is 

20 . . focused or trapped with DV 2500 V, and CV -11 V in a certain geometry, short 
(ms) changes of DV will affect the capability for ion separations. The voltage 
of DV may be changed for millisecond periods, the polarity reversed for 
millisecond periods, and tiie relative time periods of high and low voltage can 
be changed for small periods of time. This will create conditions whereby ions 

25 which are focused or trapped in a marginal way will be rejected from the 

FAIMS. For example, two ions which have almost fiie same high field ion 
mobility properties, my co-exist in fte FAIMS analyzer region or tiie FAIMS 
trapping region. Unless steps are taken to selectively remove one of tfie ions, 
bofli wiU reach the detector (electrometer or mass spectromister). Small voltage 

30 changes to DV or CV, and transient changes in voltages and phases of the 
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waveform may hdp to qect one of ttie ions. 

(9) The exit grid electrode can take many forms, and in some cases may not be 
necessary. The exit grid electrode serves 3 functions, including (1) completing 
the electric fields around the inner electrode, so ti\at the ion trap is formed, (2) 
5 forming the electrode described in (1) but simultaneously permitting the gas 

flow to pass through this region substantially unimpeded and (3) allowing a 
mechanism by which to form, and destroy the trap wifiiout modificatian to the 
voltages applied to the inner electrode. Qearly Ihese functLon3 can be carried 
out by other parts of the device. For example in Figure 9, the ion trap is 
10 controlled via the voltages applied to tiie inner electrode. The extraction 

voltage \ised to eliminate flie ion trap may be applied to the outer electrode^ or 
to the inner electrode. Moreover, the grid caii be totally , eliminated if the 
sampler cone of the mass spectrometer is placed substantially near the end of 
the outer cylindrical of the FAIMS. This is the case shown in Figure 13. 

15 Modelling the Ion Motion in the FAIMS-E, FAIMS-MS, l-dimensionai and 
S^dimensional ion traps: . 

The ion motion in the FAIMS was modeled using a combination of 
experimental and theoretical considerations. First/ consider the two cylinders xised 
in FAIMS shown in Figure 15. When a voltage is applied to the irmer cylinder, the 

20 voltage at any point between the two cylinders can be calculated using the following 
formula: = V (ln(r/b)/ln(a/b)) where is the potential at radial distance r 
(assuming that r falls in the space between the two cylinders), V is the potential 
applied to the inner electrode, the outer diameter of ttie inner cylinder is "a (cm), 
and the inner diameter of the outer cylinder is "b" (cm). The outer electrode is 

25 electrically groimded, i.e. 0 V applied. The annular space (called the FAIMS 
analyzer region) falls in the radial distarice between a and b. This is shown in Figure 
15* The voltage between the tubes is not linear, and the electric field (which is the 
derivative of the voltage i.e. dV/dr) is also non-linear. The, electric field between the 
tubes (at location r) can be shown to be: E = -V (l/(r In (a/b)) where E is the.. 

30 electric field (V/cm) and V is the voltage applied to the inner electrode, while the 



outer electrode is at 0 V« Variables a and b (cm) are defined above, and sKoivn In 
HgiirelS. 

The motion of an ion in an electric field at atmospheric pressure is 
described by: v = KB where v is die ion drif tvdodty (cm/sec) and B is the electric 
5 field (V/cm). The "constant'' of proportionality for a given set of conditicms is called 
flie "ion mobility constant" IC Note howev^ tiiat many dianges in conditions can 
change the value of K. The obvious conditions that diange ttie velocity of an ion in 
an electric field include: (1) temperature and (2) gas pressure. As discussed above, 
K also varies with the electric field. 

10 Although it will not be shown here, the ion mobility at high field 

(called in the discussion above) can be estimated using the modified FAIMS-E 10 
instrument shown in Figures 3A and 3B. Figure 16 shows the change in ion mobility 
of one type of ion, (H20)j^H+, at high electric field. The word "terms" in Figure 16 
refers to the cyclic refinement of correction factors for the ion mobility dimng ttie low 

15 field portion of the asymmetric waveiForm. In practice, during a waveform (e.g. 
Figure 4) at DV 3000 V, tihe low voltage portion of the waveform is at about -3000/2 
or -1500 V. Even at this lower voltage, tiie electric field is sufficiently high that the 
ion mobility cannot be assiuned to be at if s "low field" value that is shown at the 
left axis of Figure 1. This reqiiires a correction, that can be repeated in a cyclic 

20 manner to get the best estimates of the ion mobility ratio Kj^/K at very high electric 
field. Figure 17 provide a portion of the original data that was used to 

calculate the high field mobility tfiat was used to produce the curves shown in Figurei 
16. The details will not be discussed here. Note also that ttie calculations are based 
on a square asymmetric waveform (e.g. V(t) in Figure 2) while the actual asymmetric 

25 wavefonn is shown in Figure 4 (waveform 1). 

Assuming that die high electric field change rti the ion mobility of 
(H20)nH^ is represented by the curve shown in Figiure 16, the trajectory of this ion 
within ttte cylindrical geometry shown in Figure 15 can be calculated. As a first 
approximation, it can be shown that Rq^^ = sqrt{2tK(V/hi(a/b)) + Rjnitial^ where 

30 Rfinaj is the radial location of the ion after a tune period of length tr and Rjnitiai was 
the radial location before the time period t. The sqrtQ is the square root function. 
Again, this equation only applies if the ion spends all of its time between the radial 
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distances a and b shown in Kgiire 15. Moreover the equation only gives useful values 
of final radial distance if the electric field does not vaiy significandy between R^j^jigj 
and Rfinai* The voltage appUed to the iimer electrode is V, and the ion inobility is K 
For this calculation K is assumed to be constant for the trajectory distance (distance 
5 the ion travels), but recall that K is calculated from the high field behavior shown in 
Figure 16: For example, if the ion is located at a distance r, and at some selected 
time (during application of the as3nmnetric waveform) that the voltage applied to &e 
inner electrode results in an electric field of about 10,000 V/cm, then the ion xiiobiltty 
is calculated to be about K'^l.Ol where the 1*01 is ihe value taken from Figure 16. 

10 The value of K is about 2.3 cm^/V-s for (H20)„H+ at room temperature. This 
mobiUty, cbmot be easily determiiied using the FAIMS instnmient but c^ 
found in the conventiorial ion xnobility spectrometry (IMS) literature. 

Figures 18A-18D show the trajectory of ajn ion with the high field 
properties shown by the curve in Figure 16. Figure 18A shows very few oscillation 

15 motions caused by the applied asymmetric waveform of the tj^e shown in Figure 2. 

By way of illustration, the cylindrical geometry shown in Figxire 15 
. may have an inner cylinder having an outer radius of 0.1 cm and an outer cylinder 
having an inner radius of 0.3 cm. This means that all of the calculations giving rise 
to the trajectory must be done with a=0.1 and b=0.3 cm, and the trajectory must not 

20 extend past these limits. The ion trajectory shown in Figure ISA is calculated with 
the ion initially at 0.11 cm radial distance. This is shown as the left-most point in 
Figure ISA. The ion will oscillate as a result of the applied waveform and this is 
shown as an increase and decrease in the radial distance of the ion. Thegasflow 
whidi transports tfie ions in the FAIMS analyzer region is simulated (for figture 

25 clarity) by showing the trajectory as a function of time (x-axis) in Figure 18A. The 
applied voltages for the trajectory simulatibn were: CV-Q DV=25dO V, 
frequency-83000 Hz, relative ratio of low voltage to high voltage (tj and t2 in Kgore 
2) was 5. to 1. Figure 18A shows that tiie ion does not travel exactly the same 
distances during die low Geld, md high field portions of the waveform, and the ion 

30. experiences a "net" drift. The "net" drift refers to ihe general motion of the ion 
radially outward (in the case of Hgure 18A). The simulation was repeated, several 
times, and the results shown in Figures 18B through 18D.' Rgure 18B was simulated - 
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in ©cactly Ae same manner as Figure 18A, except Aat flie nuxnber of oscillations of 
the wavefonn, and thus of the ion niQtion; are significantly higher in Kgure 18B. 
This shows fcat Ae ion win eventua% cross over the FAI^ 
collide with the outer wall vrtddi is located in Figure 18B at the top of ttie Rgure^ at 

S radial distance of 0.3 cm. Therefore, the DV and CV conditions tiiat were used to 
simulate ti\e motion of (H20)nH+ ion in Figures 18A and 18B, would not be suitable 
for the focussing or trapping in an FAIMS with the physical geometry described 
above. The condition which would be suitable for ion storage is shown in Figure 
ISC The conditions are: CV=-11 V, PV=25{)0 V, frequency=83000 Hz, relative 

10 ratio of low voltage to high voltage (tj and tj in Figure 2) of 5:1. This could have 
been predicted from Figure 18B, since the outward drift of ttie ion might be expected 
to be retarded by the application of a negative dc potential to the inner electrode. 
Figure 18C shows tttat the ion will experience a net drift from its starting position of 
01 cm radial distance outwards, but quickly Hxe drift stops (note the ion oscillates 

15 because of application of the asymmetric waveform), and the ion progresses neither 
inward nor outward. Figure 18D shows the calculated ion trajectory for the same 
conditions as Figure 18C except that ttie original radial starting point for ttie ion 
motion was selected to be about 0.26 cm. The ion experiences a drift toward the 
inner electrode, and stabilizes at exacfly the same radial distance as the ion shown in 

20 Figure 18C This means that an ion, irrespective of its starting position will fall into 
the ion focussing region. The focussing characteristics of the FAIMS are therefore 
demonstrated by ion trajectory calculations. 

The radial location of the optimum focussing of an ion depiends oh the 
high field mobility properties of the ion, and the DV and CV, and geometry of the 

25 FAIMS analyzer region. For the example showii above, the (H20)nH+ ion was 
selected because the high field ion mobility behavior of this ion had previously been 
established. The optimum combination of DV and CV for die (HjO)^!!^ ion can be 
calculated for various FAIMS hardware geometries. The trajectory of the ion can be 
calculated based upon tf\e principles described in die paragraphs above. 

30 Figures 19A-19D show the ion trajectory for a geometry that is shown 

' in Figures IIA-IIC, the device referred to as the FAIMS-R3-prototype (one of the 
3-dimensional, atmospheric pressure ion trapping devices). Because the geometry is 



not a simple cylinder the ion trajectory calcuiation is more complex. The calculation 
is composed of two independent calculations. In the first, the mechanical geometrjr 
of the device is entered into a computer program which then calculates Ae strength 
of the electric fields aroimd the components. This is done by a method called 
5 "relaxation'' Gacobi iteration Richardson method), and involves a repetitive series of 
approximations of the field at every point in the physical space. The field at a given 
. point is calculated as the 'average' of the points in each direction aroimd it. This is 
repeated for every point in tiie spaced Once this calculation has been completed for 
every point in die entire space, then tiie process is started again at the first point, 

10 now using tiie estimations from Ae previous calculation. This is shown below in 1- 
dimension. Let us assume that the following are the voltages at several adjacent 
points in an imaginary 1-dimensional world (beiFpre the 'relaxation' calculation has 
begun). The point at the left most of the array is an electrode at 100 V, and that at 
the right most point is an electrode at 0 V; We begin by assuming every point is at 0 

15 V, except the electrode at 100 V. The array is shown in the next line: 

100 0 0 0 0 0 0 0 

• . • • • y 

Consider the result if we make each point the average of its neighbors: 
100 50 0 0 . 0 0. 0 0 

And again: 

20 100 50 25 0 0 0 0. 0 
100 62.5 25 12.5 0 0 0 0 
100 62.5 37.5 12.5 6.25 0. 0 0 

This calculation must be repeated until ho furdier change in the data poixits is 
occurring, or at least until the changes in the data array are within specified error 
25 limits. . The 2 and 3-dimensional. versions of. the calculation are analogous. . . , : 

The ''relaxation" and "suixessive over relaxation" methods for numerically . 
solving Laplace and Poisson equations are described in most text books of fluid 
dynamics (see M.B. Abbot and D.R. Basco, Computational Fluid Dynamics, An 
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Introduction for Engineers (Longmans, London, 1989), Chap. 8). The calculation for 
a qrlindrical geometry must include a small correction for the feet that the points in 
the radial direction cannot be used with equal weight in tiie 'average' used to 
calculate the new value of a point in space. The points in the axial direction (along 
the lengtii of this cylindrical geometry) are equivalent to each ottier, but are not 
equivalent to a point at smaDer or larger radial dimoision. Hie surrounding 4 points 
used for tfie average of a point in cylindrical geometry must therefore be weighted, 
two axial points are identical, and the inner and outer points in the radial direction 
are weighted independentiy from each other, and from the axial points. 
Nevertheless the overall method of calculation of electaic potential using the 
'relaxation' method is ttie same for all geometries. 

The second calculation wWch is necessary to detennirie the ion trajectory in 
an arbitrary geometry is the calculation of the motioti itself, given that Ae electric 
fields have been established as discussed above. The trajectory is calculated by 

15 breaking the ionmotion down into small steps in tinte. At each step in time the ion 
location, tfie electric field, phase of the applied asymmetric waveform, etc. are 
determined. From the sbrength of tiie electric field at tiie point in space/time, the ion 
mobility at high electric field is calculated (as was demonsbated for (H^Oj^H* 
above). The ion velocity is estimated to be V = KB (or v=KhE), in the manner 

20 described above, and tiie distance travelled is distance = (velocity)(duration of time 
step). The distance (cm) traveUed for tiie single time step is determined firom the 
velocity (cm/sec) multiplied by the time duration (sec). The new ion location is 

calculated from tfie old location, and die distance faaveUed in the time step. This is 
repeated, now beginning at tfie new ion location just calculated in the previous 
25 iteration. The iterations are repeated, with the strength of ti»e electric fields due to 
the asymmetric waveform being constantiy adjusted (as appropriate for the 
frequency of ttie waveform, and tfie relative times of the high and low voltage 
periods in the waveform). The calculation may also include an adjustment of the . 
ion location due to ttie external forces of a gas flow, or if necessary to darify the 
motion of die ion (since a simple back and forth motion doesn't demonstrate the 
motion very clearly). 

figure 19A illush^ates an ion trajectory calculated in ttie mettiod described 
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above, for the geometry shown in Figures IIA-IIC The iimer electrode is about 2 
mm otiter diameter, and the outer electrode is about 6 mm ixmer diameter. This is 
the same size as the cylinders used in the trajectory calculations shown in Gguresf 
18A-18D. The conditions were: CV=-11 V, DV=2500 V, frequency=83000 ffe; 
5 relative ratio of low voltage to high. voltage (t^ and tj in Figxire 2) was 5:1, outer 
electrode =0V> grid electrode =K)V» Three electrodes appear in Figure 19A, exactly 
corresponding to the hardware illustrated in Figures IIA-IIC. The inner electrode 
52 is solid and ends in a spherical shape 52T near the center of the Figure 19A. The 
top and bottom edges are the outer electrode 53, and the left edge of the Figure is tiie 

10 grid electrode 56 shown in Figures IIA-IIC. The ion trajectory was initiated near 
the inner electrode, and an artificial (gas flow) horizontal motion was added to carry 
the ion from rig^t to left on the Figures IIA-IIC. The ion oscillated because of the. 
applied asymmetric wayeform, and two tjrpes of net motion are observed in Figure 
19A. The ion initially moves away from the inner electrode 52, then the distance 

15 from flie electrode becomes constant. This is exactly the condition shown in Figure 
18G where the.net motion in the radial direction soon becomes zero. The ion also 
drifts because of the added 'gas flow'; an artificially, imposed longitudinal velocity. 
Note tiiat the ion progresses along the electrode at constant distance from the iniier 
electrode 52, then follows its curvature 52T. The ion will not leave the location hear 

20 the terminus 52T of the electrode even with the applied artificial axicd direction 'gas 
flow' velocity. The ion has become trapped near the terminus 52T of the electrode. 
Figure i9B shows the motion if the ion trajectory is initiated at larger radial distance 
(as in Figure 18D). As explained before, the ion cannot escape the 3-dimensional 
. ion trap near the tip of the electrode 52T. 

25 Figures 19C and 19D represent the, same physical geometry as Figure 19A 

and 19B, and the ion trajectory begins in analogous locations in radial and axial 
directions. The conditions are: CV=-11 V, DV=2500 V, frequency=83000 Hz, 
relative ratio of low voltage to high voltage (t| and t2 in Figure 2) was 5 to 1, outer 
dectrode =0V, grid electrode =-7 V; The only difiPerence between the Figures 19A- . 

30 19D is that the latter two (Figures 19C and 19D) were calculated with the exit grid 
56 voltage negative relative to tfieoutear electrode 53. Under these conditions the ion 
trap has been removed and the ions will travel toward the grid 56. Initially, the 
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trajedoiy takes Ae same form as shown in Figures 19A and 19B as the ion will first 
. move toward the optimum balance point for the DV and CV an^ 
used. However, the conditions are not maintained in ttie vidnily of the spherical 
terminus 52T of ttie inner electrode 52, and the exit grid 56 voltage modifies the ion 
5 motion, and attracts ttie (positively charged) ions away from Ae iimer electrode 52, 
and toward the exit grid 56. Both the attractive force of the grid 56 voltage/ and Ae 
artificially applied 'gas flow' axial motion will contribute to the ion trajectory as it 
leaves the vicinity of tiie inner electrode 52, and approaches the exit grid 56. Note 
also that the magnitude of the 'osdllation' of the ion due to the asymmetric 
10 waveform decreases significantly as the ion moves away from the inner electrode 52, 

While 3-dimensional trapping is not achieved in Figures 19C and 19D, the 
behaviour of the ions shown may nevertheless be very useful When operated in a 
compromised condition, i.e:, non-trapping, but very near trapping conditions, the 
ions follow the curved surface of the spherical end 52T of ttie electrode and tend to 

15 move toward the center axis. If ttiey are not completely trapped, the ions will 
essentiaUy escape from die end 52T of the dectrode, but fliey are confined to a small 
radial distance along flie center axis of the inner electrode 52. If the flow of ions is 
directed into the sampler cone orifice 18A leading to the vacuum chamber, the signal 
sensitivity will be greatly enhanced in conditions where ttiis 'partial focussing' takes 

20 place. It is possible to visualize a commercial version of FAIMS wherein this signal 
enhancing biehavior of the spherical terminus 52T of the electrode is the only part of 
FAIMS which is exploited. AH of flie embodiments of the 3-dimensional ion trap of 
FAEMS described above might be used for this signal enhancement even if the 
"S-dimensiorial trapping" is not used per sc. 

25 Signal enhancement using ion focussing at the spherical terminus of the inner 
electrode of FAIMS 

Hgtures 19E-19I illustrate the results of ion trajectory calculations using a 
FAIMS consisting of a cylindrical outer electrode 93 of about 6 mm id, and an inner 
electrode 92 of about 2 mm o.d.. The annular FAIMS analyzer region 94 is about 2 
30 mm wide along the sides of the device. The inner electrode 92 terminates in a 
spherical shape 92T which is about 2 mm from the flat^ front plate of the sampler 
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cone 18. At the center of the sampler cone 18 is a sniall orifice ISA leading into the 
vacuum system. In Figure 19E, the sampler cone 18 is held at 0 V, Le., Vqr = 0 V; 
The conditions used for the ion trajectory simulation appear in Figure 19E. Figures 
19F through 191 were prepared in exactly the same manner as Kgure 19Ey except that 
5 the Vqr was changed to -2.5, -5, -7.5 and -15 V respectively. This low applied Vqr 
had the effect of drawing the ions out of the 3-dimensional trapping_region. — ILthis. 
extraction occurs at voltages very close to the normal 'trapping' conditions (i.e., 
indefinite ion trapping), then the ions tend to be focused to near the center axis of the 
inner electrode 92, and therefore are focused to regions very dose to tiie exit orifice 

10 18A. The detected signal intensity will be maxLmized at the Vqk which confines the 
ions as closely as possible to file center axis. 

Although not shown in the Hgures, it is possible that further improvements to 
the 'compactness' of the ion beam can be achieved by modification of the sampler 
cone 18. This might involve addition, of extra lenses with voltages applied, or the 

15 modification of the shape of the front of the sampler cone 18. Additional 
improvements might also be achieved by 'shaping' the inside surfaces of the outer 
FAIM5 cylinder 93 at the end of the cylinder tiiat is adjacent to the sampler cone 18. 
A previous version of the trapping experiments, shown in Figures 9A and 9B, did lise 
a device with an outer cylinder which had a curved iimer sxirface to maintain an 

20 (approximately) constant distance between the outer cylinder and the inner electrode 
at the spherical end of the inner electrode. 

Several experimental paramieters will affect the focussing described above, 
and are shown to be optimized near Vqr = -5 V in Figure 19G. These include the gas 
flow rate, the spacing between the spherical end of the inner electrode 92 and the 

25 sampler cone 18, and the applied DV and CV. It is expected that optimization of 
the detected ion intensity will depend mainly on these parameters. The gas flow 
will control at least two factors, namely the rate that ions flow into the trapping 
region from the length of ttie FAIMS analyzer region 94, and secondly the turbulence 
at the end of the inner electrode. Tlie simulatioiis shown in Rgures 19E through 191 

30 do not take into account gas turbulence and ion diffusion. The effectiveness of the 
focussing action Will require a gas flow that 'maximizes the ion transport rate into the 
'trapping region', and siinultaneously minimizes ion loss through turbulaice. . The 
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trajectory calculations shown in Figures 19E through 191 also do not account for gas 
flows in directions non-parallel to the x-axis. If the experimental system indudes 
gas flowing, for example, radially outward from the FAIMS trapping region, as 
would occur in ttie system shown schematically in Figure 13A, flie locations of ttie 
maximum ion intensi^ would have to be determined exp^^ Hie modelling 

serves to suggest that this ion focussing can enhance sensitivity in some set of 
optimized experimental conditions. 

Several possible hardware designs can achieve the effects shown in Figures 
19E through 191. These embodiments require some essential component^^ 

(1) a\e electrodes must have curved surfaces, including cylindrical, or spherical, but 
also including surfaces ttiat do not simply fall into one of these categories. An 
example of an unusual shape which would serve to establish conditions for " 
trapping or focussing, is a cylindrical rod which has a bend in it, somewhat like 

a hairpin turn, shown in Figure 20. With appropriate gas flows, a trapping 
region can be created. 

(2) the ions must be transported to the trapping region by gas flows, or by electric 
field gradients. All of the previously described embodiments of FAIMS take 
advantage of gas flows, since these function quite indepmdentiy of the voltages 
applied, especially DV arid CV. The use of gas flows is relatively simple to 
visualize, and easy to create experimentally. 

Qualitative, Simple Method for the Understanding of Ion Focussing and Ion 
Trapping 

There esdsts an dptiomm condition of DV and CV at Which an ion is 
transmitted flurough tiie FAIMS analyzer. Referring bade to Figure 17A, a set of 
repeat sweeps of the CV at a saies of DV values ranging from 2100 V to 3000 V is 
shown. The location of tiie peak maximum for some ion ( in this case (H20)„H'^ ) 
represents tile condition where flie compensation voltage CV is just strong enough to 
balance the net ion drift towards the wall, of tiie FAIMS analyzer. Consider 
therefore ttiat the (H20)„H+ ion can be transmitted through the FAIMS analyzer 
region at a number of ideal combinations of CV and DV. If the ion experiences a 
combination of CV and DV that is different from the ideal, tiieri the ion collides with 
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a. surface. A plot showing the ideal combhiations of CV and I)V;for (HjO)^* is 
shdwn in Figure 21. The ideal cofnbihation of DV and CTV might be called 
"balanced" because tfie ion e)qperiences no 'net* motion/ The plot shown in Figure 21 
illustrates this balanced condition in terms of electric field (based on DV), rather 
5 than the appUed voltage PV and CV, moreover each data point on the Egure 

experimentally acquired combination of DV and CV, collected mudhi as shown in the 
traces of Figure 17. Each point is the CV with the maximum efficiency: of 
transmission (peak maximum shown for each trace in Hgiire 17) for that setting of 
DV. Since the aimtilar FAIMS andyzer region 14 of the FAIMS-E 10 ^ 
10 wide, a voltage of DV 2000 will restilt in a field of about 2000/0.2= 10^00 V/cm. 
Similarly an applied CV of -10 V will result in a field of about -10/0.2 = -50 V/cm. 
The X- and y- axes of Figure 21 are displayed as electric field (V/cm) (absolute 
values, unsigned). 

Figure 21 also ^ows a trace for the best fit third order regression to 
15 this data, This regression will help to determine fiie best combination of CV and DV 
under conditions whidi faU between the experimentany detent The fit to 

the data shows only an appearing for the last points at high DV field (electric field . 
which results from the application of DV, at the maximmn applied voltage). Note 
that the 'DV field' is intermittent, since a part of the asymmetric waveform has a 
20 lower, opposite polarity time period. This maximmn will be used as a 'reference 
pomt', for the purposes of this descriptioa 

We will address the following question. Assume that an ion is 
located in the center of the FAIMS analyzer region (radially) and asstune it is at a 
balanced condition at optimum DV and CV for the given hardware geometry. This 
25 means, that the dectric fields due to CV and DV fall directly on the line drawn in 
Figure 21. The cylindrical geometry shown in all of the FAIMS diagrams in this 
document will have electric fields that are not constant along the radial direction in 
the FAIMS analyzer region. (The field may or may not be constant iii the . 
longitudinal direction^ depending on the geomet^ 
. 30 electric field is not constant, will the optimum conditions shown by fiie curve in 
Hgure 21 be maintained everywhere in the FAIMS iana^ ' 

Figure 22A illustrates the actual fields due to DV (2500 V) radially 
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across the FAIMS analyzer region 14 of the modified FAIMS-E 10 shown in Figures 
SAahd sk Figure 22B illustrates both the actual fields due to DV (2500 V) and 
CV (about -13 V) that are found radially across the FAIMS analyzer region 14 of the 
FAIMS-E 10, but urUike Figure 22A, the fields will be plotted against each oflier in 
5 the manner used in Hgure 21. The points corresponding to some of the physical, 
radial positions are noted on tihe diagram. Attheright^deofHgures22A-22B, the 
field is highest, and corresponds to ttie surface of the inner electrode 12, at radial 
distance of 0.7 cm. Similarly the left side of flie Figure 22B correspoiids to the inner 
edge of the outer electrode 13. 

10 Compare Hgures 21 and 22B. During a FAIMS e3q>eriment DV and 

CV are applied to fl\e inner electrode. The DV field is not constant, but rather falls 
within a small range of values (Figure 22B, x-axis), which in turn is only a sinall 
portion of flie range of fields described by Figure 21. The curve in Figure 22B can be 
superimposed on the graphic shown in Figure 21 to give Figure 22C. Figmre 22C 

15 shows that the real, physical conditions of electric fields within the FAIMS analyzer 
region do not aU correspond to points with a balance of DV and CV. Recall that the 
short curve of 'actual' conditions reflects the conditions at a set of different radial 
distiances (i.e. the left most point of the short curve is the condition of fields at 0.9 
cm, near the outer electrode, and the right most point is physically located near the 

20 inner electrode surface). Naturally at least at one point, corresponding to the center 
of the FAIMS analyzer region in this 'selected' combination of DV and CV, there 
exists the so-called balance where the ion migrates (net drift) neither toward the 
inner or outer electrode. Note also, there are many coxnbinations of DV aiid CV in 
which die entire line shown for 'actual conditions' in the FAIMS analyzer will not 

25 cross the optimum balance curve at any point. For exan^le if the DV is reduced to 
50% of that shown in Figure 226, ttie short trace for 'actual conditions' in Hgure 22C 
will move left along the x-axis to fall at a much lower x-axis value of 'DV Electric 
Field'. If tf\e CV voltage is unchanged the short trace in Figure 22C*will not cross 
over the 'optimiun' balance trace, and the ions will not be able to be transznitted 

30 ttirougji the FAIMS. 

The comparison of the two traces; in Figitre 22C also introduces one 
further question. If the ions, which are at the radial distance wherein the 'optimum' 



and 'achial' tirac^s intersect, experience no 'hef motion radially, i.e. are at a balance 
point, what is the behavior of ions at larger radial distances, and at smaller radial 
distances? They mtist experience a net drift. For ttie conditions shown in Figure 
22C, the ions at radial distances larger than ttie crossing point, i.e. to the left of the 
5 intersection, will drift towards the intersection point i.e. toward smaller radial 
distances. The ions which are at small radial distances, will also drift toward tiie 
intersection point i.e, toward larger radial distances; H ions from every radial 
location other than the T^alance' or focus point (intersection of the traces in Hgure 
22C) drift toward this focus point, ttien the device has the FAIMS ion focussing 

10 property that was described above. If the motions are divergent, Le. away from die 
^balance' point, then no ions can pass through ttie FAIMS. In mode 1 (PI, positive 
ions) the ions drift toward the focus point when DV is positive, and CV is negative 
polarity (CV and DV applied to the inner electrode). If both of fliese polarity values 
are reversed, then the ion motion (type A, Figure 1) is divergent instead of 

15 convergent. This is the reason that the ions of the two types are automatically 
separated in the FAIMS. This is the reason the spectra of modes 1 and 2 are always 
different, and must be always considered as independent spectra. The ions (to a 
first approximation) which appear in PI do not appear in P2 type spectra, and vice 
versa, the same applies to Nl and N2 type spectra. 

20 Now referring to Figure 23, it is possible to visualize the traniSpbrt of 

ions in FAIMS using electric fields. A possible embodiment would require that the 
FAIMS unit be segmented, much in the same way ttiat Javahery and Thomson Q. Am. 
Sbc: Mass Spectrom. 1997, 8, 697t702) used a segmented rf-only quadinipole to 
create a longitudinal electric field to draw ions along the length of a set of 

25 quadnipole rods wMchwa?e operating with the usual appUcdhig^fr 

voltage ac voltage applied to them, the segments in either the case of segmented 
quadrupole rods, or FAIMS, are held at slightty different dc potentials, which creates 
a field superimposed oh the other nbn-constaiit fields.. A possible way to do this is 
shown in Hgure 23. 

30 Based on a similar concept, a device for 3-Klimensional trapping using 

6rJy electric fields in a segmented FAIMS may be developed, and is described below. 
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3'Dimensional Trapping using onhf Electric Fields in a S^mented FAIMS 

This segmented FAIMS version of the 3-dimensional trap is novel 
because it does not use gas flows as one of the trapping components* In the 
trapping of ions at tfie spherical end of the inner electrode, as previously desczibed^ 
5 the ions are held by a combination of the motion of tiie gas sweeping tihe ions 
towards the end of tiie inner electrode, and the FAIMS focussing action caused by 
the asjonmetric waveform. In that device, upon stopping of the gas flows, the ions 
can begin to inakeflieir way back along the length of Ae FAIMS inner cylind^^ The 
driving force for this migration would be diffusion and ion-ion repulsion which 
10 creates a so-called space-charge in the zone where the ions are congregated. 

In the present description of a segmented FAIMS ion trap, the ions are 
held entirely because of the combination of tiie asymmetric waveform and ttie gently 
rising dc voltages applied to the adjacent segments which prevents ion motion in 
either direction along the lengtti of the segmented FAIMS device. The stopping of the 
15 gas flow will have only a minor affect on the ions caught in the ion trap, and there 
exists no escape even if the gas flow is zero. Consider this new version of 
3-dimensional trapping in more detail 

Figure 24 shows the segmented cylindrical outa: 113 and inner 112 
electrodes of FAIMS device 110. The high voltage asyrmnetric waveform of FAIMS 
20 is applied to the inner electrode 112. The ions will be focused between these 
cylinders 112, 113 given the correct combination of DV and CY, arid the cylindrical 
geometry. In normal operation all of the segments 112A or 113A would be at 
identical voltages, i.e., the inner electrode 112 is one conductor, and the outer 
electrode 113 is also one conductor. Assume fliat typical conditions for some ion to 
25 be focused between the cylinders are DV=s2500 V and CV= -12 V. This is tiie 
: condition shown in Figure 24. H the electrodes were not segmented, the outer 
electrode would be at e.g., 0 V. Similarly the inriet electrode wotdd be only at one 
condition e.g., asynrunetric waveform DV=2500 V with -12 V ofbet compensation 
. voltage. Under these conditions if the ions were carried into the annular space 
30 between the cylinders by a gas flow, they would proceed longitudinally, carried from . 
one end of the FAIMS analyzer to the other end of the device by the flowing gas, 
simultaneously being focused at some radial distance and between the inner and 
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outer electrodes 112, 113. 

Still referring to Figure 24, this situation can be changed substantially 
once the inner and outer electrodes 112, 113 are segmented 112A-112E, 113A-113E. 
If all of the new dc voltages added to the outer electrodes 113A-113E are 0 V, and 
5 all of the new dc voltages added to the inner electrodes 112A-112E are 0 then, tiie 
conditions described in the paragraph above ar6 returned^ and no 3-<lixnensi6naI trap 
exists; only the 2-dimensipnal focussing between the cylinders. Visualize next, that a 
set of new, small, dc voltages are applied to each segment 112A-112E, 113A-113E 
of the FAIMS device 110, such diat the middle segment of the inner and outer 

10 electrodes 112C, 113C have the lowest applied voltage. Note, however, that each 
voltage applied to the outer electrode 113 must be matched by the same (approx.) 
voltage added to the inner electrode 112. This means that if +5 V extra are added 
to the first segment il3A of the outer electrode, then +5 must be also added to the 
same segment 112A of the inner electrode. If that segment already had -12 V 

15 compensation voltage added to it, then the new +5 is added to that CV to give a net 
dc voltage of -7 V on that segment. This approach is used to add voltages to the 
other segments 112B-112E, 113B-113E, in such a way that the middle segment 112C, 
113C (in the Figure) has the lowest applied dc voltage. This means that positive 
ions caught somewhere in this assembly will fall to the lowest voltage region, i.e., 

20 between the inner and outer electrodes of the middle segment 112C, 113C. Since the 
normal FAIMS conditions continue to apply wittiin each segment 112A-112E, 113A- 
113E, namely the inner electrode has an asymmetric vraveform with bV=2500 V= and 
the difference betweien the dc applied to the inner electrode 112 and the dc applied 
to the outer electrode 113 within tiiat segment continues to be 12 V .(a required 

25 . compensation voltage in this example), then tiiie ions will be focused in the normal 
way in the anniilar space between the inner and outer electrodes 112, 113. The flow 
of gas along the lengOi of diis FAIMS will not (at low gas flows, 1 L/inin) be able to 
remove the ions which are located in tfie space within the middle segment 112C, 
113C of this trap. For |4ie ions to escape tfiey must dimb up the dc potential walls 

30 (of about +5 V in the Hgure). At high gas flows, and at high ion density in which 
space charge is high, this escape might be possible. Nevertheless, there exists a 
trapping region which is totally electrical in nature, and the ions are held in place 
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1. An apparatus for sdectivdytransnutting ions and trapping s^^ 
a d^Md 3-din«nsional space, comptising: 

a) at least one ionization stwirce for producing ions; 

b) a high field asymmetric waveform ion mobility spectrometer, 
comprising an analyzer region defined by a space between at least 
first and second spared apart decbrodes for coimection, in use, to an 

electrical controller capable of supplying an asymmetric waveform 
voltage and a direct-olrrent compensation voltage for selectively 
transmitting a selected ion type in said analyzer region between said 
electrodes at a given combination of. asymmetric waveform voltage 
and compensation voltage, said analyzer region having a gas inlet and 
a gas outlet for providing, in use, a flow of gas through said analyzer 
region, ^d analyzer region further having an ion inlet for introducing 
a flow of ions produced by said ionization source into said analyzer 

region; and 

c) a curved surface terminus provided on at least one of said electrodes, 
said terminus being a part of said one of said electrodes which part is 
closest to said gas^ outlet, said defined 3-dimensional space being 
located near said terminus, whereby, in use, said asymmetric 
waveform voltage, cbitqpensation voltage and gas flow ar? adjustable, 
so as to trap said transmitted ions within said 3-dimensional space. 

2. The apparatus claimed in daim 1, wherein, said first and second 

dectrodes comprise cunred dectrode bodies and provide a nort-constantdectric fidd 

therebetween, whereby, in use, said ions are sdectivety fbcussed in a focussing region 
created between sdd curved dectrode bocfies in said analyzer regi 

3: The apparatus daimed in daim 2, wherein, said space between said 

electrodes defining said analyzer region is generaUy uniform. 
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4/ The apparatus claimed in claixa 3^ wherein^ said terminus is 
: substantially a portion of a sphere. 

5. The apparatus daimed in daim 2, wherein, said first and second 
dectrodes comprise outer and inner generally cylindrical a>axially aligned electrode 

5 bodies defining a generally annular space dierebetween^ said annular space fonriing 
said analyzer region, and said terminus being provided at an end of said inner 
cylindrical dectrode body. 

6. The apparatus daimed in daim 2, wherein, said andyzer region 
further indudes an ion outlet for extracting ions from said andyzer region, said ion 

10 outlet being substantially aligned with said terminus and said defined S-dimensional 
space, whereby, in use, said ions trapped in said 3-dimensional ^pace may be 
rdeased through said ion outlet 

7. The apparatus daimed in daim 6, wherein, said ion outlet is defined 
by an opening in said second dectrode. . 

15 8. The apparatus claimed in claim 6, further comprising a mass 

spectrometer having a sampler orifice, said sampler orifice bang positioned 
proximate to said ion outlet to recdve said ions exiting said ion outiet. 

9. A method for selectivdy bransrnitting and triipping ions within a 

defined 3-dimensipnd space, said taethod comprising the steps ofc 
20 a) providing at least one ionization source for producing ions; 

• . b) providing an analyzer region defined by a space between at least first 
and second spaced apart dectrodes, said analyzer region being in 
coinmunication witii a gas inlet, a gas outiet and an ion inlet, said ions 
produced by said ionization source being introduced into said 
25 andyzer region at said ion inlet; 

c) providing an asymmetric waveform voltage and a direct-current 
compensation voltage, to at least one of said electrodes; 
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d) adjusting said asymmeteic waveform voltag^^ 

voltage to selectively transmit a type of ion within said analyzer 

region; 

e) providing a curved surface terminus on at least one of said electrodes; 
5 said defined S-dimensional space being located near said terminus; 

and 

f) providing a gas flow within said anal)rzer region flowing from said gas 
inlet to said gas outlet and adjusting said gas flow to trap said 
transmitted ions within and near said defined 3-dimensional space, 

IQ said gas outlet being located near said terminus. 

10. The method claimed in claim 9, wherein, said analyzer region is 
substantially at atmospheric pressure and substantialiy at roorti temperature. 

11. Tiiemettioddaimedindaim9,wherein/anon-^mtantdec 

is provided between said first and second electrodes, whereby/ said ions are 
15 selectively focussed in a focussing region created between said electrodes. ^ 

12. The method claimed in daim 11, fuatiier comprising the step of 
providing an ion outlet and supplying an extraction voltage at said ion outlet for 
extracting said trapped ions, said ion outlet being substantially aligned with said 
terminus and said defined 3-dimensional space. 

20 13. The method claimed in daim 11, further comprising the step of further 

adjusting at least one of said asymmetric waveform voltage, compensation voltage 
and gas flow so as to provide near trapping concUtions, wherd>y, said focussed ions 
tend to follow ttie curved surface of said terminus and are directed generally radially 
inwardly towards said ion outlet 

25 14 The meUiod daimed in daim 11, wherein, said asymmetric waveform 

voltage and said compensation voltage are applied to one of said first and second 
dectrodes, and another of said first and second dectrodes is held at a voltage 



10 



independent of said aqanmetoc 

15. An apparatus for selectively focussing ions and trapping said ions 

witfun a defined 3-diinensional qpace^ cwnprising: 

a) at least one ionizatiwi source for producing ions; 

b) a segmented high field asymmetric waveform ion mobility 
spectrometer, comprising an analyzer region defined by spaces 

between a pluraUty of corresponding pairs of first and second spaced 
apart electrodes, for connection, in use, to an dectrical controUe^ 
capable of supplying an asymmetric waveform voltage, a direct 
current compensation voltage and a direct current segment offset . 
voltage, each of said pluraUty of corresponding pairs of first and 

second spaced apart electrodes forming a segment and said segments : 
being aligned in a row immediately adjacent to and electrically ' 
. isolated from each other, said analyzer region having an ion inlet for 
introducing a flow of ions produced by said ionization source into 
said analyzer region. 

16. The apparahis darnied in claim 15, wherein, sai^ first and second 
electrodes in each segment comprise curved electrode bodies providing a non- 

constant dectric field therebetween, said iom being sdectively foaassed i^^ 
20 focussing region created between said curved electrode bodies in said analyzer ' 
region. 

17. The apparatus claimed in daim 16, wherein, said first and second 
• elecbrodes in eadt segment amiprise outer and inner generaUycylinto^ 



15 



25 



ahgned elertrode bodies with a generally amtular space formed between than, said 

annular spaces fonned in each of said segments coUectivdy defining said a^ 
region. • 

18. A"^«*o^o^selectivdyfocussingiomandtrappingsaidionsv^ 
defined 3-dnhensional space, comprising the steps of: 
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a) providing at least one ionization source for p]X>duc^ 

b) providing an anal)^er region defeed by spaces between a pte 

. corresponding pairs of first and second spaced apart electrodes and 
providing a non-constant electric field between said first and second 
5. electrodes, each of said plxirality of corresponding pairs of first and 

second spaced apart electrodes forming a segment and said segments 
being aligned in a row immediately adjacent to and electrically 
. isolated from each other, said analyzer region being in communication 
with an ion inle^ iand introdudiig said ions produced by said 
IQ ioriizatioxi source into said aiialyzer region at said ion inlet; 

c) supplying an asjmimetric waveform voltage to one of said first and 
second spaced apart electrodes in each of said segments; 

d) supplying a direct current compensation voltage to said one of said 
first and second spaced apart electrodes in each of said segments, 

15 V said direct current compensation voltages supplied to each of said 

segments being independently adjustable; 

e) supplying a direct current segment offset voltage to another of siaid 
first and second spaced apart electrodes in each of said segments, 
said direct current segment offset voltages supplied to each of said 

20 segments being independently adjustable; and 

f) adjusting said direct current compensation voltages and said direct 
current segment offset voltages substantially equally, thereby 
providing a. constant direct current potential across each 
corresponding pair of first and second electrodes in each of said 

25 segments, so as to focus desired ions between each corresponding pair 

of first and second electrodes in each of said segments at a given . 
combination of said eisymmetric voltage/ direct current compensation 
voltage, and direct current segment ofiiset voltage. . 

19. The method claimed in claim 18, further comprising the step of 

30 creating a direct current potential between adjacent seg^nents so as to cause ions to 
move as between segments. 
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20. The ihethod claimed in daim 19, whereiiv a segment having a lower 

direct current potential is provided between at least two segments having higher 
direct cuitent potentials, whereby, ions are trapped in a focussing region between 
first and secqiid dectrodes in said segment with a lower direct current;^ 

5 21. The method claimed in ciaim 19, wherein, direct current potentials 

between adjacent segments form a decreasing gradient in a first direction, so as to 
cause said focussed ions to travel in said first directioiL 

22. The mefliod claimed in daimi 21, furttier comprising the step of 

providing a gas flow in a second direction substantially opposite to said first 
10 direction, and adjusting said gas flow, so as to trap said focussed ions in an 
intermediate segrnent. 
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Timing Diagram for the Application of a High 
Frequency Asymmetric Waveform, a DC Vollag^, 
and an Extraction Voltage 

The DV and CV Voltages are ail applied to the 
center electrode. 

The Extraction voltage is applied to the grid 
located in front of the center electrode. 



Time = 0 Time = 16.2 milliseconds Time = 50 milliseconds 
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Compensation Vdltage 
FIG. 13P 
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Response Time of interface, Octopole, and TOF System 
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Actual DV, CV Fields in FAIMS ANALYSER 
DV 2500,CV -12.82, ra = 7mm rb = 9mm 
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